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Abstract 
The poly(glycidyl methacrylate)-modified magnetite nanoparticles, Fe3O4-PGMA NPs, 
were investigated and applied in nondestructive flaw detection of polymeric materials in this 
research. The Fe3O4 endowed magnetic property to the materials for flaw detection while the 
PGMA promoted colloidal stability and prevented particle aggregation. The magnetite 
nanoparticles (Fe3O4 NPs) were successfully synthesized by coprecipitation and then surface-
modified with PGMA to form PGMA-modified Fe3O4 NPs by both grafting-from and 
grafting-to approaches. For the grafting-from approach, the Fe3O4 NPs were surface-
functionalized with α-bromo isobutyryl bromide (BIBB) to form BIB-modified Fe3O4 NPs 
(Fe3O4-BIB NPs) with covalent linkage. The resultant Fe3O4-BIB NPs were used as surface-
initiators to grow PGMA by surface-initiated atom transfer radical polymerization (SI-
ATRP). For the grafting-to approach, the Fe3O4 NP were surface-functionalized with (3-
mercaptopropyl)triethoxysilane (MCTES) to form MCTES-modified Fe3O4 NPs (Fe3O4-
MCTES NPs). The PGMA with Br-end group was pre-synthesized by ATRP and then was 
grafted to the surface of the Fe3O4-MCTES NPs by coupling reaction.  
Both bare and modified Fe3O4 NPs exhibited superparamagnetism and the existence of 
iron oxide in the form of Fe3O4 was confirmed. The particle size of individual Fe3O4 NPs was 
about 8 – 24 nm but they aggregated to form clusters. The PGMA-modified NPs formed 
stable dispersion in chloroform and had larger cluster sizes than the unmodified ones because 
of the PGMA polymer layer. However, the uniformity of the NP clusters could be improved 
with PGMA surface grafting. The PGMA surface layer of the grafting-from (Fe3O4-gf-
PGMA) NPs was thin and dense while that of the grafting-to (Fe3O4-gt-PGMA) NPs was 
thick and loose. The hydrodynamic diameters (Zave) of Fe3O4-gf-PGMA NP clusters could be 
controlled between 176 to 643 nm, dependent on the PGMA contents and reaction conditions. 
During SI-ATRP, side reactions happened and caused NP aggregation as well as increase of 
size of NP clusters. However, the aggregation has been minimized through optimization of 
reaction conditions. Oppositely, Zave values of Fe3O4-gt-PGMA NPs had little variation of 
about 120 – 190 nm. And the PGMA content of the Fe3O4-gt-PGMA NPs was limited to 
12.5% because of the spatial hindrance during grafting process.   
The saturation magnetization (Ms) of the unmodified Fe3O4 NPs was about 77 emu/g, 
while those of the grafting-from and grafting-to Fe3O4-PGMA NPs were 50 – 66 emu/g and 63 
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– 70 emu/g, respectively. For Fe3O4-PGMA NPs with similar Fe3O4 contents, the grafting-to 
NPs had slightly higher Ms than the grafting-from counterparts. In addition, the Ms of both 
kinds of the Fe3O4-PGMA NPs with higher Fe3O4 content (> 87%) were also higher than that 
of the fluidMAG-Amine, the commercially available amine-modified MNPs. Besides, both 
kinds of Fe3O4-PGMA NPs also had much higher Fe3O4 contents and Ms values than most of 
the reported PGMA-modified MNPs.  
The magnetic epoxy nanocomposites (MENCs) were prepared by blending the 
modified Fe3O4 NPs into bisphenol A diglycidyl ether (BADGE)-based epoxy system and the 
distributions of both kinds of the PGMA-modified NPs were much better than that of the oleic 
acid-modified Fe3O4 NPs. Similar to the NPs, the MENCs also exhibited 
superparamagnetism. By cross-section TEM observation, the grafting-to Fe3O4-PGMA NPs 
formed more homogeneous distributions with smaller cluster size than the grafting-from 
counterparts and gave higher Ms of the MENCs. Nondestructive flaw detection of surface and 
sub-surface defects could be successfully achieved by brightness contrast of images given 
through eddy current testing (ET) method, which is firstly reported. The mechanical 
properties of the materials were influenced very slightly when 2.5% or lower Fe3O4-gt-PGMA 
NPs were present while the presence of the Fe3O4-gf-PGMA NPs (1 – 2.5 %) gave mild 
improvement of the storage modulus and increase of the glass-rubber transition 
temperature(Tg) of the MENCs. Furthermore, the Fe3O4-PGMA NPs could be evenly coated 
onto the functionalized ultra-high molecular weight poly(ethylene) (UHMWPE) textiles. The 
Fe3O4-gt-PGMA NPs were coated on the textile in order to prepare NP-coated textile-
reinforced composite. Preliminary result of ET measurement showed that the Fe3O4-gt-
PGMA NPs coated on the textiles could visualize the structure of the textile hidden inside and 
their relative depth. Accordingly, the incorporation of MNPs to polymers opens a new 
pathway of damage-free structural health monitoring of polymeric materials. 
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1. Introduction  
Magnetite is a kind of naturally occurring mineral which can be found in ores (Figure 
1.1). It is strongly responsive to magnets that it can be separated instantly from the ore 
deposits by a strong electromagnet. By reducing of particle size down to nano-scale in the 
form of nanoparticles, the magnetite nanoparticles (MNPs) retain some properties of their 
bulk counterparts and also possess some new properties. Especially, they switch from 
ferrimagnetism to suparamagnetism and receive exponential increase of specific surface area. 
The combination of those properties make them attractive candidates for basic and applied 
research in wide range of fields such as biomedicine, engineering, information technology, 
industrial production, electronic applicants and so on. 
  
Figure 1.1. Appearance of natural magnetite. 
1,2 
Though there are many natural sources of magnetite, chemical synthesis of MNPs is 
highly preferred because of the precise and uniform size requirement of the MNPs in order to 
exhibit superparamagnetism and have real applications. The most widely used synthesis 
method is coprecipitation because of the simple procedures, ambient reaction conditions and 
high yield obtained. Thermal decomposition is also very common because of the high 
uniformity of the resultant MNPs.  
The versatility in surface modifications of MNPs offers advantages for diverse surface 
modifications. They can be functionalized easily using many different kinds of modification 
agents, including organic acids, silanes and polymers, based on their potential applications. 
With special designs, the modified MNPs can obtain long-term stability in different nature of 
media, for examples aqueous solution, complex biological fluids, organic solvents with 
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different polarity, matrix, resins, composites and even alloys. Moreover, in combination of the 
high degree of magnetic responsiveness and magnetic inductive behavior of MNPs 
themselves, the specifically functionalized MNPs can perform sensing, encapsulation, 
delivery, entrapment and adsorption of different categories of substances, like DNA, drugs, 
heavy metals, proteins, enzymes, etc.    
 
 
Figure 1.2. Different kinds of applications of MNPs. 
3
 Reprinted with permission from 
Ref. 3. Copyright 2006 RSC.  
Numerous applications of MNPs have been developed but nondestructive structural health 
monitoring of plastic materials has never been investigated. Current nondestructive testing 
methods on plastic materials are not satisfactory as the materials are thermally and electrically 
insulative and also not sensitive to magnetic field. However, they can be made magnetically 
responsive by incorporating MNPs to form magnetic nanocomposites.  After suitable surface 
modification, the MNPs can be dispersed well in the materials. After that, electromagnetic 
testing techniques can be applied for structural inspection.  
Preliminary work about structural testing of lightweight engineering-based functionalized 
textiles of polymeric composites using modified MNPs has been published so far. 
4
 However, 
the work was limited to MNP surface modification and coating onto functionalized textiles. In 
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addition, the results of structural testing were only limited to theoretical simulation. 
Experimental realization has not been achieved. 
 
Figure 1.3. Scheme of published work about structural testing of lightweight engineering-
based functionalized textiles coated with modified MNPs. 
4
 Reprinted with permission from 
Ref. 4. Copyright 2014 Wiley.  
In this work, special design, preparation, characterization as well as realization of 
nondestructive structural testing of polymeric materials using MNPs will be demonstrated. 
Poly(glycidyl methacrylate) is chosen for MNP surface modification because it contains rich 
amount of epoxide groups which are highly compatible with epoxy-based resins, common 
matrices of fiber-reinforced composites, and can also participate the curing process or react 
with some other kinds of polymeric materials as well. PGMA surface-modified MNPs will be 
prepared by both grafting-to and grafting-from approaches, thus, atom transfer radical 
polymerization (ATRP) will be used in formation of end-functional PGMA and surface-
initiated ATRP will be used for surface grafting, respectively. The modified MNPs will be 
blended into epoxy resins to form nanocomposites. Some pioneering work of nondestructive 
testing of the nanocomposites using electromagnetic inspection technique will be explored to 
investigate the possibility that they can be inspected like normal conductive materials. 
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Chapter 2 
Theoretical section 
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2. Theoretical section 
Being one of the best known superparamagnetic materials, MNPs have been developed 
for many applications, such as magnetic resonance imaging, data storage and biosensing. 
Background information about MNPs and literature investigations on their synthesis, surface 
modifications and specific applications with tailor-made MNPs designs will be provided in 
this section. Besides, atom transfer radical polymerization is one the common methods used 
for NP surface modifications and the fundamentals of the reaction will also be covered. 
Lastly, nondestructive testing of plastics is a great challenge and the idea of incorporating 
MNPs for such technique will be laid out. 
2.1. Magnetite nanoparticles (MNPs) 
Magnetite nanoparticles (MNPs) have been broadly investigated because of their unique 
properties. In the first part, some useful properties of MNPs, including superparamagnetism, 
electrical and thermal conductivities as well as peroxidase-like activity, and theories behind 
will be given as background knowledge to support the claimed applications. After that, some 
reported synthesis methods, including coprecipitation, thermal decomposition, iron(III) salt 
reduction, solvothermal reaction and some other less common methods, will be listed and 
compared. In addition, NP surface modifications are also necessary to perform specific 
functions. So, the modification agents, including organic acids, silanes and polymers, will 
also be elaborated.  
2.1.1. Properties 
Magnetite has the molecular formula of Fe3O4, or formally FeO·Fe2O3 or Fe
2+
Fe
3+
2O4. 
5
 The molar ratio of ferrous (Fe
2+
) to ferric (Fe
3+
) ions is 1:2 and the overall oxidation state of 
Fe ions is between 2 and 3. It appears as black or dark brown non-porous solid with density of 
5.18 g/cm
3
. 
5
 It is highly magnetic because of the high number of lone pair electrons. Fe
3+
 
ions have five lone pair electrons at 3d orbitals ([Ar]3d
5
) and Fe
2+
 ions have four lone pair 
electrons at 3d orbitals ([Ar]3d
6
).  
Bulk magnetite exhibits ferrimagnetism below its Curie temperature (Tc). 
5
 Tc is the 
critical temperature that the material changes from ferri- or ferromagnetic to paramagnetic 
state when the temperature is increased above it. In ferro- or ferrimagnetism, all magnetic 
dipoles align in one direction or major dipoles align in one direction with minor ones align in 
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anti-parallel direction, respectively, in the absence of external magnetic field and the material 
displays a permanent magnetic moment. 
6
  In paramagnetism, the dipoles orient randomly that 
the material displays no net magnetic moment in the absence of external field. 
7
 The dipoles 
align in the same direction only when an external magnetic field is applied. The Tc of bulk 
magnetite is about 856K. 
5
 It can be distinguished from bulk maghemite (γ-Fe2O3), which has 
Tc of about 918K.
6 
Ferri- or ferromagnetic materials are characterized by the hysteresis loop of their 
magnetization-magnetic field (M-H) curves. 
8 
Figures 2.1 shows their typical M-H curves that 
when an external magnetic field is applied, their magnetic moments align along one direction 
until they are saturated (saturation magnetization, Ms). When the magnetic field vanishes, the 
magnetic moment does not come back to the original zero field strength (magnetized). 
Instead, there is a retentivity or remanence magnetization (Mr). And a coercive force (Hc) is 
required to bring magnetization back to zero or to demagnetize it.  
 
 
Figure 2.1. Typcial magnetization-magnetic field (M-H) curve of a material which is ferri- or 
ferromagnetic. 
8 
Reprinted with permission from Ref. 8. Copyright 1996 ACS. 
 Superparamagnetism 
When the size of magnetite is decreased to nano-scale to form magnetite nanoparticles 
(MNPs), they exhibit superparamganetism. 
9 , 10
 When the diameter of a single magnetite 
reduces to a critical value (Ds), it becomes single domain. It can be stated that each magnetite 
particle is a single crystal. Further decrease of particle diameter causes reduction of Hc for 
demagnetization until the Hc reaches zero (Dp), i.e. there is no Mr and hysteresis loop of the 
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M-H curve. The change of domain state and magnetism is illustrated in Figure 2.2 and the 
typical M-H curves of MNPs with diameter smaller than Dp (superparamagnetic) is shown in 
Figure 2.3. The critical particle radii of MNPs to exhibit superparamagnetism (Dp) is about 20 
nm for soft magnets and about 3-4 nm for very hard magnets. 
7
 The superparamagnetism is 
temperature dependent. Therefore, it can be said that MNPs have a much lower Tc than their 
bulk counterpart and exhibit superparamagnetism at room temperature.  
 
Figure 2.2. Magnetic coercivity as a function of particle diameter (MD = multi-domain; SD = 
single-domain; SP = superparamagnetic). 
9
 Reprinted with permission from Ref. 9. Copyright 
2009 Wiley. 
 
Figure  2.3. Typcial M-H curves of MNPs with diameter smaller than Dp to exhibit 
superparamagnetism. Reprinted with permission from Ref. 19. Copyright 2015 Elsevier.
 
  
Superparamagnetic MNPs do not have permanent magnetic moment in the absence of 
an external field but can respond to the external magnetic field. In other words, the MNPs can 
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be dispersed as colloids  non-magnetic nanoparticles, while they can be separated from the 
dispersing medium when an external magnetic field is applied and can be redispersed once the 
magnetic field is removed. 
11
  
Thermal conductivity  
Magnetite has a certain degree of thermal conductivity. The thermal conductivity of 
bulk magnetite is 9.7 W/m K (λmagnetite), which is higher than some other kinds of minerals, 
such as barite, calcite, nepheline, magnesiochromite, fluor-apatite and tephroite. 
12,13  
Electrical conductivity 
The direct current electrical resistivity (ρ) of magnetite is in the range of 10
-2
 – 10
-3
 
Ωcm with relatively low bandgap (0.1 eV), which is lower but close to that of metallic 
materials. 
14
 Its conductivity is comparable to amorphous carbon and semiconductors. The 
conductivity of the magnetite single crystals is about the same as their bulk counterpart. 
15
 
The conductivity increases with increasing temperature. The conductivity is related to the 
presence of both Fe
2+
 and Fe
3+
 species. The electrons are thermally delocalized over Fe
2+
 and 
Fe
3+
 ions and are able to migrate within the structure. 
2
 
Peroxidase-like activity  
MNPs possess an intrinsic enzyme mimetic activity which is similar to that found in 
natural peroxidases. 
16
 It is believed that the superficial Fe
2+
 ions play a dominant role in the 
catalytic peroxidase-like activity. This activity varies with respect to electrostatic affinity 
between nanoparticles and substrates. 
17
 The MNPs bind with the substrate and then transfer 
an electron between pairs of Fe
2+
 and Fe
3+
 ions to drive the catalytic activity. Having much 
higher Fe
2+
 ions concentration per mass and surface area-to-volume, the catalytic efficiency of 
MNPs can be much higher than that of peroxidase.  
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2.1.2. Synthesis approaches 
MNPs are easy to prepare and have many preparation methods. The most popular ones 
are coprecipitation and thermal decomposition. Salt reduction and solvothermal reaction are 
also studied at certain extent. Some other novel methods, such as laser ablation, sonochemical 
synthesis, gas condensation, and bacteria production are also mentioned briefly. 
Coprecipitation 
In coprecipitation, iron (III) chloride and iron (II) chloride solutions are mixed in 
molar ratio of 2 to 1. Fe3O4 crystals are nucleated and grown by gradual addition of alkaline 
solution with vigorous mechanical stirring at ambient temperature. 
18,19
 Dark brown magnetite 
(Fe3O4) solid is finally precipitated out. Besides, the MNPs can also be coprecipitated in or 
onto the preformed macroporous polymeric microspheres 
20
 or copolymer templates
21
. 
Equation 2.1 shows the chemical reaction.  
  Fe
2+
 + 2Fe
3+
 + 8OH
-
  Fe3O4(s) + 4H2O     (2.1) 
Coprecipitation is the most common method for MNP preparation and has been 
broadly used. 
22,23
 It is simple to prepare and even efficient for large scale production. But the 
resultant MNPs are not perfectly spherical (roughly spherical). The MNPs aggregate easily in 
the absence of surfactant during synthesis. Therefore they are not monodisperse and have low 
degree of uniformity. 
11
 Careful control and adjustment of reaction parameters can reduce 
aggregation to certain level and further surface modification is usually required. Alternatively, 
surfactant is added during synthesis so as to improve the dispersity and size distribution and 
this will be discussed in Section 2.1.3. 
 
Thermal decomposition  
 In thermal decomposition, organic iron precursors are reacted or autoclaved at high 
temperature and optionally with high pressure. Surfactants are added to the reaction mixture 
to promote NP stability and regular spherical morphology. The precursors, for example D-
gluconate, carbonyls (Fe(CO)5) 
4
, acetylacetonate (Fe(acac)3) 
24
, and oleate salts 
25 , 26
 are 
decomposed to form MNPs.  
For instance, Sun and coworkers developed monodisperse MNPs by decomposing 
(Fe(acac)3 and 1,2-hexadecanediol in organic phase with oleic acid and oleylamine as 
- 10 - 
 
surfactants (Figure 2.4).
 27
 The initial reaction temperature of 200 
o
C was crucial for crystal 
nucleation and growth in order to produce monodisperse MNPs. Moreover, the particle size 
could be controlled by the following refluxing temperature. The resultant MNPs have 
excellent monodispersity and good size control. However, the method involves high 
production cost and toxic organic ingredients which have adverse effect in biomedical 
applications.   
 
Figure 2.4. Schematic illustration of MNP synthesis through thermal decomposition of 
Fe(acac)3 in organic phase developed by Sun et al. 
27 
Reprinted with permission from Ref. 27. 
Copyright 2004 ACS. 
Fe(III) salt reduction  
In salt reduction, iron (III) salt is partially reduced by a reducing agent to form Fe3O4 
which has oxidation state between 2 and 3. For example, Hou et al. performed partial 
Fe(acac)3 reduction by addition of hydrazine with Poly(N-vinylpyrrolidone) (PVP) as 
stabilizer in ethylene glycol medium followed by addition of alkaline solution to promote 
precipitation and autoclave to generate the final MNPs. 
28
 The MNPs synthesized by this 
method are relatively uniform in size and have higher monodispersity than those synthesized 
by coprecipitation due to the presence of surfactant. But the size and morphology controls are 
not comparable with those by thermal decomposition. In addition, the method requires careful 
control of the reduction reaction in order to produce magnetite instead of other form of iron 
oxides.  
Solvothermal reaction 
Under solvothermal reaction, Fe3O4 nanocrystals are formed and undergo a controlled 
reorganization process to assemble to clusters with defined size. 
29,30, 31
 In the work performed 
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by Lin and coworker, FeCl3 was dissolved in ethylene glycol with EDTA-2Na as a strong 
chelating agent. The mixture was treated with ultrasound followed by autoclave (180−200 °C 
for 4−10 h).  Growth-dissolution-regrowth transition happened that FeCl3 was, firstly, 
hydrolyzed to form EDTA-2Na-stabilized Fe3O4 nanocrystals. The nanocrystals then 
aggregated to from the intermediate clusters followed by reorganization to form the final 
MNPs. 
32
 The resultant self-organized MNPs had tunable crystal size and highly ordered 
secondary cluster structure. (Figure 2.5) However the method is demanding on synthesis 
conditions and the yield is low. 
 
Figure 2.5. Schematic illustration of the growth-dissolution-regrowth transition of Fe3O4 
crystals of solvothermal reaction. 
32 
Reprinted with permission from Ref. 32. Copyright 2013 
ACS. 
The morphologies of the MNPs synthesized by the four methods mentioned above are 
compared in Figure 2.6. 
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a)    b)  
c)     d)  
Figure 2.6. Comparison of morphology of MNPs synthesized by different methods. a) 
Coprecipitation 
33
, b) thermal decomposition 
26
, c) Fe(III) salt reduction 
28
 and d) 
solvothermal reaction. 
32
 Reprinted with permission from Refs. 33, 26, 28 and 32, 
respectively. Copyright 2013 IJESD, 2004 ACS, 2003 RSC and 2013 ACS, respectively. 
Some other novel MNP synthesis methods can also be found. In the laser ablation 
technique, pulsed laser (wavelength 1064 nm) was applied onto an iron (Fe) foil, which was 
submerged in ethanol. MNPs were ablated from the foil and were collected by a permanent 
magnet from the dispersion. The resultant MNPs had a very high saturation magnetization 
value. However, the production efficiency by this method was very low.
34
 In sonochemical 
synthesis, iron (II) acetate was treated by ultrasonication in water. Vijayakumar et al. 
proposed that the ultrasonic waves provided energy for a series of radical reactions and 
oxidation to form MNPs. 
35
 In gas condensation, Fe droplets were heated in an inductor and 
the Fe vapor was condensed and oxidized in oxygen-containing area. High amount of energy 
is required to produce MNPs by this method. 
36
 Alternatively, MNPs can also be obtained 
from bacterial sources. Yoza’s group extracted MNPs from magnetospirillum magneticum 
AMB-1 cell cultures but mass production of MNPs is very limited by the microbiological 
method. 
37 
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2.1.3. Surface modification methods 
MNPs can be used directly but more often are surface modified because of the 
following purposes.   
Firstly, to promote colloidal stability in dispersing medium: Nanoparticles (NPs) tend 
to coagulate in both solid and dispersion states and the large agglomerates are very difficult to 
be redispersed. Nano-sized NPs have large working capacity because of their large surface 
area-to-volume ratio. Aggregation greatly reduces capacity of the NPs. Especially metal oxide 
NPs often have higher density then the dispersing media and tend to sediment with time. 
Therefore, MNP surface must be modified to prevent coagulation and to promote stability in 
dispersing matrix. In general, NP stability in aqueous media can be maintained by 
electrostatic charge repulsion or steric hindrance 
38
 while stability in organic media can be 
obtained by the compatibility between the surface modification agents and the matrix or steric 
hindrance.  
Secondly, to protect magnetite from further oxidation: The Fe
2+
 ions are easy to be 
oxidized during and after synthesis. Equations 2.2 – 2.4 show some possible oxidation 
reactions. 
39  
Fe3O4 can also be dissolved in acidic condition. 
106
 Both oxidation and 
dissolvation cause reduction of magnetization.  
4 Fe3O4 + O2 + 18 H2O  12 Fe(OH)3     (2.2) 
4 Fe3O4 + O2  6 Fe2O3                  (2.3) 
Fe
3+
 + 3 OH
-
  α-FeOOH + H2O                 (2.4) 
Thirdly, to tailor functional groups for specific tasks or further grafting: For example, 
MNPs anchored with amines can bind to biological molecules, drugs 
40
 and metals 
39
, with 
thiol groups can perform thiol-ene click reaction for further polymer grafting 
41,42
, Pb(II) 
removal 
43
 or ring opening reaction 
44
,  with vinyl can copolymerize with their monomer 
matrix, with alkyl halides can perform surface-initiated atom transfer radical polymerization 
(SI-ATRP) 
45
, with azido and alkynyl groups can perform click reaction 
46
 and with perfluoro-
groups can perform superhydrophobic and anti-corrosion 
47
. 
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 Organic acid modifiers 
MNPs can be coated with organic acids. The carboxylic groups (-COOH or –COO
-
) of 
organic acids can form hydrogen bonding with the hydroxyl groups (-OH) on the surface of 
MNPs during or after MNP synthesis. Since it is only a physical adsorption, the COOH/OH 
coordination is labile and can dissociate easily by increasing temperature, changing pH or 
compound exchange. 
48
 Some acids can form more stable bonding. For example, phosphonic 
acid form covalent Fe-O-P bonding with MNPs 
49
. MNPs can be stabilized in organic solvents 
or become hydrophobic using oleic acid (OA) 
50 , 51
, lauric acid 
52
 and undecylenic acid 
53
(Figure 2.7) in surface modification. Alternatively, MNPs can be stabilized in aqueous 
media or become hydrophilic using citric acid (CA), gluconic acid 
54
, cysteine 
55
 and glutamic 
acid (Figure 2.7). The method is simple and is convenient for large scale production. 
However, the choice of functional groups anchored is limited. Usually, MNPs surface-
modified with organic acids will be further functionalized for specific applications.  
a)           b)  
c)                   d)   
 e)                  f)                g)  
Figure 2.7. Structures of organic acid modifiers. a) OA, b) lauric acid, c) undecylenic acid, d) 
CA, e) gluconic acid, f) cysteine  and g) glutamic acid.  
- 15 - 
 
 Silane modifiers  
Silanes are another type of surface modification agents which anchor functional 
groups as well as a silica layer onto NP surface by sol gel reaction.
,56
 In a typical sol–gel 
reaction to form silane-coated NPs, the methoxy groups of silane, for example 3-
mercaptopropyl trimethoxysilane (MPTMS), are firstly hydrolyzed to form silanol (R-(OH)3). 
Then, the silanol can be condensed onto the particle surface to form siloxane (Si-O-Si) 
monolayer with hydroxyl groups on NP surface via covalent bonding. Alternatively, silanols 
can self-condensate first to form oligo- or polymeric structure followed by NP grafting to 
form ladder-like irregular grafting layer also through siloxane covalent bonding (Figure 2.8). 
57,58
 
 
Figure 2.8. Schematic illustration of formation of silane-coated NPs through sol-gel reaction 
of MPTMS. 
58 
Reprinted with permission from Ref. 58. Copyright 2014 Elsevier. 
The sol-gel reaction is a simple and efficient way to surface-functionalize metal 
oxides. It is easy for mass production and there is also large variety of choice of anchoring 
functional groups. The silane-modified MNPs can be applied directly for specific purposes. 
Alternatively, the immobilized silanes can serve as mediating agents for further grafting of 
units that cannot be attached to the MNPs directly. For instance, (3-
glycidyloxypropyl)trimethoxysilane (GLYMO) was firstly grafted onto MNP surface. 
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Aminated polymers (polyetheramines) or small molecules (arginine) were then grafted onto 
the MNP surface by subsequent ring opening coupling reaction (Figure 2.9). 
59
 
 
Figure 2.9. Schematic illustration of synthesis, epoxy-silane surface modification and 
subsequent polyetheramine or arginine functionalization of MNPs. 
59 
Reprinted with 
permission from Ref. 59. Copyright 2011 Wiley.
 
Table 2.1 shows some examples of silanes that have been used in MNP surface 
modifications and their functional groups. 
Table 2.1. Reported silane examples used in MNP surface modifications and their functional 
groups. 
Kind of 
functionalization 
Reported silane examples 
Amine (-NH2) 
3-[2-(2-aminoethyl)-ethylamino]-propyltrimethoxysilane (AEEA) 
37
, 
3-aminopropyl triethoxysilane 
36,39
 
Epoxide (3-glycidyloxypropyl)trimethoxysilane 
60
 
Thiol (-SH) 3-(mercaptopropyl)trimethoxysilane (MCTES) 
61,62
 
Hydroxyl (-OH) Tetraethoxysilane (TEOS) 
63
 
Alkyl halide 
2-(4-chlorosulfonylphenyl) ethyltrichlorosilane 
64
 (CTCS), 2-bromo-
2-methyl-N-(3-(triethoxysilyl)propyl) propanamide (BTPAm) 
65
 
(initiator group of ATRP) 
Vinyl  3-(trimethoxysilyl)propyl methacrylate 
66
, trimethoxy(vinyl)silane 
67
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Polymer modifiers 
The third group of surface modification agents are polymers. The advantage of using 
polymers as surface modification agents over organic acids is that the long polymer chains 
have higher degree of NP colloidal stabilization by steric hindrance. Some polymers can even 
provide surface functionalities. Surface modification strategies include grafting-from, 
grafting-to and physical adsorption. 
For grafting-from approach, MNPs are firstly surface modified to form surface-
initiators. Polymer chains are grown ‘from’ the initiator site on the MNP surface by surface-
initiated (SI) polymerizations, such as atom transfer radical polymerization (ATRP), 
nitroxide-medicated radical polymerization 
68
,  and reversible addition fragmentation transfer 
(RAFT) polymerization 
69
.  For example, PMMA was grafted from MNPs by thiol-lactam 
initiated radical polymerization (TLIRP). 
70
 The MNPs were thiol-functionalized by silane to 
form the surface-initiator. After that, MMA polymerization was initiated at the thiol group in 
the presence of butyrolactam, the radical generating agent, to form the resultant PMMA-
grafted MNPs. The synthetic route of the PMMA-grafted MNPs is shown in Figure 2.10. 
 
Figure 2.10. Synthetic route of PMMA-modified MNPs through grafting-from approach. 
70 
Reprinted with permission from Ref. 70. Copyright 2012 Elsevier. 
 
For grafting-to approach, both MNPs and polymers are synthesized and functionalized 
separately. The polymer chains are covalently grafted ‘to’ the MNP surface via suitable 
coupling reaction. For example, the block copolymer poly(ethylene glycol)-b-poly(aspartate) 
(PEG-b-PAsp) was pre-synthesized and was grafted to MNPs through amide bond with 
synthetic route shown in Figure 2.11.
 71
 The MNPs were surface-modified with amino-silane 
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while PEG-b-PAsp was synthesized by a series of reactions, including amine-end 
functionalization of methoxy-PEG, addition of (γ-benzyl-L-glutamate N-carboxy-anhydride) 
and hydrolyzation of the poly(β-benzyl-L-aspartate) segment. The reaction between the 
surface amine groups of MNPs and carboxylic groups of PAsp segment allowed amide bond 
formation and grafting of PEG-b-PAsp to the MNP surface.  
a)  
b)  
Figure 2.11. Synthetic route of a) PEG-b-PAsp and b) (PEG-b-PAsp)-modified MNPs 
through grafting-to approach. 
71
 Reprinted with permission from Ref. 71. Copyright 2010 
Springer. 
For adsorption approach, polymers, which are rich in carboxylic or hydroxyl groups, 
are added during or after MNP synthesis and can attach to the MNP surface by hydrogen-
bonding or COOH/OH coordination. As a result, the MNPs can be embedded in the polymer 
shell. 
Alternative to surface modification, polymers can also form different kinds of 
assemblies with MNPs, including emulsion and polymersome formations. For emulsion, the 
organic phase droplets of (hydrophobically stabilized MNPs)/monomer mixture is dispersed 
in the aqueous phase to from an oil-in-water (o/w) emulsion in the presence of surfactant 
followed by polymerization within the micelles. For polymersomes, MNPs are encapsulated 
in the core, by which the amphiphilic copolymers warp the hydrophobically stabilized MNPs 
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with their hydrophobic segments and extend into aqueous phase to promote colloidal stability 
with their hydrophilic segments. The modification approaches are described and the polymers 
used are summarized in Table 2.2.  
Table 2.2. Surface modification and assembly approaches, descriptions and polymers used.   
Approach Description of the approach Polymers used 
Grafting-from MNPs are firstly surface modified to 
form surface-initiators. Polymer 
chains propagate ‘from’ the MNP 
surface by SI polymerizations.  
Poly(methyl methacrylate) 
(PMMA) 
70
, cationic poly(2-
(dimethylamino)ethyl 
methacrylate) (PDMA) 
72
, 
poly(itaconic acid)-block-poly(N-
isopropylacrylamide) (PIA-b-
PNIPAM) 
73
 
Grafting-to  
 
Both MNPs and polymers are 
synthesized and functionalized 
separately. The polymer chains are 
grafted ‘to’ the NMP surface via 
suitable coupling reaction. 
Poly(ethylene glycol methyl ether) 
(MeO-PEG-COOH) 
74
, 
poly(glycidyl methacrylate) 
(PGMA) 
75
, poly(ethylene glycol)-
block-poly(aspartate) (PEG-b-
PAsp) 
71
, poly(oleic acid-co-N-
isopropylacrylamide) P(OA-co-
NIPAAm) 
76
 
Adsorption Polymers, which are rich in carboxylic 
or hydroxyl groups, are added during 
or after MNP synthesis that the MNPs 
can be embedded in polymer shell by 
COOH/OH coordination.  
Poly(acrylic acid) 
77
, chitosan 
78
, 
poly(vinyl alcohol) (PVA) 
79
, 
Poly(DL-lactide) 
80
, random 
copolymers of acrylic acid, 
styrenesulfonic acid and 
vinylsulfonic acid 
81
 
Emulsion 
 
The organic phase of (hydrophobically 
stabilized MNPs)/monomer mixture is 
added to the aqueous phase to form an 
oil-in-water (o/w) emulsion in the 
presence of surfactant. Initiator is then 
added to initiate polymerization within 
the micelles. 
Poly(ethyl-2-cyanoacrylate (PE-2-
CA) 
82
, poly(styrene) (PS) 
83,84
 , 
Poly(MMA-co-HEMA-co-AA) 85, 
Poly(acetylene) 86, Poly(urea-
urethane) (PUU) 87 
Polymersomes 
or 
encapsulation  
The hydrophobically stabilized MNPs 
are encapsulated in graft or block 
copolymers, which have hydrophobic 
chains to interact with the MNPs and 
hydrophilic chains extended into 
aqueous phase to promote colloidal 
stability.  
Ternary graft-copolymer PGMA-g-
(PS-co-MPEG-co-PCEMA) 
88
, 
poly(ethylene oxide)-block-poly(ε-
caprolactone)-block-poly(acrylic 
acid) (PEO-b-PCL-b-PAA) 
89
, PS-
b-PMMA 
90
, PEG-b-P(tBMA-co-
MAA) 
91
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The size, morphology and uniformity of the polymer-modified MNPs vary with 
different approaches. In general, the nanoparticles prepared by assembly formation, i.e. 
emulsion and polymersome formations, were perfectly spherical and monodisperse, but the 
resultant MNPs have low magnetite contents and the methods consume large amount of 
solvent. Adsorption method is relatively simple but the shape of the resultant NPs is not 
uniform with low degree of monodispersity. Grafting-from method can synthesize NPs with 
wide range of polymer contents but the reactions are difficult to control. Grafting-to approach 
gives limited polymer content of the resultant NPs.  
Poly(glycidyl methacrylate) (PGMA) 
Having rich amount of epoxide groups, poly(glycidyl methacrylate) (PGMA) is a reactive 
polymer with high functionality and is commonly used in coatings, matrix resins and 
adhesives. Due to the ring strain of the oxirane group, also known as epoxide group, it can 
react easily with many nucleophiles, such as amines, thiols, and sodium azide, by nucleophilic 
substitution with the general reaction mechanisms given in Figure 2.12. Therefore, MNPs 
modified with PGMA are also highly functional in various applications. For example, MNPs 
surface-modified with PGMA can covalently attach to amine-modified Au electrode surface 
for biosensing 
75
, react with enzyme for enzyme inhibitor screening 
92
 and lipase 
immobilization 
93
. PGMA can also serve as a ‘bridge’to facilitate further MNP modifications, 
such as grafting poly(ethyleneimine) for metal ion removal 
94
 and attaching azido group for 
click reaction 
46
.  
a)  
b)  
Figure 2.12. Reaction mechanism of nucleophilic substitution between epoxide group and 
a nucleophile through a) SN1 route or b) SN2 route. 
PGMA-modified MNPs can be prepared by various methods, including the grafting-
from and grafting-to methods, which have been mentioned above. For grafting-to method, 
trimethoxysilyl-ended PGMA were pre-synthesized by GMA polymerization and then grafted 
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to the MNP surface by silanization. 
75
 The average degree of polymerization of PGMA was 
19. For grafting-from method, the amino-silane-modified MNPs were grafted with bromo-
functional group to form the surface-initiator. After that, surface-initiated activators generated 
by electron transfer for atom transfer radical polymerization (SI-AGET ATRP) took place to 
allow the growth of PGMA chains from the Br-functionalized MNPs. 
95
 The synthetic routes 
are displayed in Figure 2.13.  
a)  
b)  
Figure 2.13. Synthetic routes of PGMA-modified MNPs by a) grafting-to and b) grafting-
from approach. 
71
 Reprinted with permission from Ref. 75 and 95. Copyright 2012 Elsevier 
and 2015 Elsevier, respectively. 
Alternatively, PGMA particles could be firstly prepared and MNPs were formed in-
situ on the PGMA particle surface or in the particle pores. 
94,96
 Table 2.3 summarizes the 
modification methods, magnetite contents and saturation magnetization values (Ms) of MNPs 
or microparticles which were surface-modified with PGMA. The magnetite contents of the 
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PGMA-modified MNPs were within 4 – 34 wt. % while the Ms were in the range of 3 – 23 
emu/g.  
Table 2.3. Modification approaches, magnetite contents and Ms of MNPs or microparticles 
which were surface-modified with PGMA. 
MNP modification approach 
Fe3O4 content 
(wt. %) 
Ms 
(emu/g) 
Ref. 
no. 
SI-AGET ATRP of GMA on Br-functionalized MNPs 4 – 23% 12.9 95 
Dispersion polymerization of GMA on MNP surface in 
ethanol with poly(vinylpyrrolidone) (PVP) as stabilizer 
5 – 8% -- 97 
Trimethoxysilyl-ended PGMA chains were grafted to 
the MNPs by silanization 
<10% -- 75 
Formation of PGMA microspheres by dispersion 
polymerization followed by in situ formation of MNPs 
by coprecipitation in the pores of the microspheres 
-- 9 - 13 94 
Copolymerization of GMA, MMA and divinylbenzene 
(DVB) in organic phase, which contain OA-modified 
NMPs, through suspension polymerization 
-- 8 98 
Formation of PS-co-PGMA microspheres by surfactant 
free emulsion polymerization followed by surface 
carboxylation and in situ surface deposition of MNPs by 
solvothermal process or coprecipitation  
7 – 21% 10 - 23 96 
SI-AGET ATRP of GMA and poly(ethylene glycol) 
monomethyl ether methacrylate (PEGMA) on Br-
functionalized MNPs 
34% 3 46 
Formation of PGMA particles by dispersion 
polymerization followed by amine surface modification 
and subsequent in situ MNP formation via 
coprecipitation in the particles 
-- 16 99 
Surface-initiated ATRP of GMA on Br-functionalized 
MNPs 
-- 19 – 23 92 
Silanization of MNPs followed by attachment of chloro-
functional groups as surface initiator for ATRP of GMA 
-- 8 93 
OA-modified MNPs were surface modified with Br-
containing silane and subsequent ATRP of GMA 
-- 9 100 
-- : means that the data was not mentioned in the reference publication.  
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2.2.  Applications of magnetic nanoparticles and their preparation methods  
MNPs have received much attention in various fields because they are highly magnetic 
responsive, superparamagnetic, versatile in surface modification, non-toxic and 
biocompatible, low in cost, stable and easy to produce. 
98
 They also have high binding 
capacity, peroxidase-like activity as well as certain degree of electrical and thermal 
conductivities as mentioned in Section 2.1.1. The potential and reported applications as well 
as the preparation methods of MNPs are categorized below. They include magnetic resonance 
imaging (MRI), drug and gene deliveries, water purification, bioseparation, electromagnetic 
interference (EMI) shielding, biosensing, and catalysis. Other applications are also 
summarized in Table 2.4. 
Magnetic resonance imaging (MRI)  
Magnetic resonance imaging (MRI) is a common clinical imaging technique based on 
the resonance induced by strong magnetic field. The magnetic moments of hydrogen protons 
are aligned under the magnetic field and radio frequency pulse is applied to change the 
direction of the moment of those protons. Upon removal of the radio frequency, the protons 
relax to their original states with different rates, which lead to image contrast. 
101
 It can 
generate images of the structure of internal organs and visualize positions of abnormalities so 
as to provide information for therapy. MNPs are widely investigated as transverse relaxation 
time (T2) MRI contrast agents to improve the contrast of the targets from the background 
because of their magnetic property. 
102
 
Wu et al. developed the negatively charged poly(aspartic acid)-b-poly(ε-
caprolactone)/MNP (PAsp-PCL/MNP) nanoclusters as imaging probes for cell labeling and 
MRI tracking. The nanoclusters were applied in dendritic cells in vivo. After being uptaken by 
the cells in vitro and being injected into nude mice, they showed high T2 relaxivity and good 
cell labeling efficiency without affecting cell viability. In addition, the labeled cells could be 
clearly visualized and their migration into lymphoid tissues could be monitored by MRI 
(Figure 2.14). 
103 
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Figure 2.14. Schematic illustration of dendritic cell labeling and tracking by PAsp-PCL/MNP 
nanoclusters. 
103 
Reprinted with permission from Ref. 103. Copyright 2015 Wiley. 
Besides, the MNPs embedded in poly(butadiene) (PBD)-PEO polymersomes
104
,  
hyaluronic acid (HA) and PEG-coated MNPs 
105
 , (Fe/Fe3O4)/CTAB core/shell nanoparticles 
106
 were also explored for simultaneous MRI and hyperthermia treatment of cancer. Another 
kind of hydrophobic MNPs were also tested for visualization of the small blood vessels which 
connect the tumors for circulation. 
107
  
Drug and gene deliveries  
One of the prerequisites of drug and gene delivery carriers is targeting ability that the 
therapeutic agents can be delivered specifically to the target sites, so that the function of the 
therapeutic agents can be maximized and side effects can be prevented. Besides non-toxic and 
biocompatible, the magnetic responsive property of MNPs also allows drug and gene 
deliveries under guidance of magnetic field. 
58
 More than this, simultaneous tracking of the 
drug- or gene-loaded carriers can also be achieved by MRI 
108
. Magnetic force triggered drug 
release was also reported. With suitable surface modifications, the MNPs are able to carry out 
effective loading and controlled release of therapeutic agents, such as peptides, proteins, 
plasmid DNA, siRNA, anti-inflammation and anti-cancer drugs, as well as minimize 
agglomeration in biological fluids and increase the life-time in blood circulation. 
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Chorny and coworkers performed guided endothelial delivery of antioxidant enzymes 
using oleate-modified MNPs as carriers. 
109
 Pathogens often produce reactive oxygen species 
(ROS) which cause toxicity. Though the ROS toxicity can be quenched by applying 
antioxidant enzymes, the efficiency of the enzymes depends on their activity at the site of 
injury. The oleate layer of the carriers allows enzymes encapsulation and protection against 
inactivation while the enzyme-loaded MNPs can be guided to specific site under high gradient 
magnetic field. It was found that although low activities of catalase and superoxide dismutase 
(SOD) could be retained under oleate-modified MNPs encapsulation, the resistance of 
oxidative stress of the injured cells could be greatly enhanced by magnetic guided enzyme 
delivery. In addition, the particle size of the oleate-modified MNPs was relatively large that 
limited the protein loading efficiency.  
Besides guided delivery, MNPs can also trigger drug release. Gong et al. investigated 
a kind of drug carrier which was composed of an aspirin solution core and a MNPs/chitosan 
shell (Figure 2.15).
 110
 The magnetic shell was deformed upon application of an alternating 
magnetic field, the drug was released and the rate of drug release could also be modulated by 
changing the magnetic field. Moreover, Liu exploited another kind of drug carrier, which 
involved vitamin B12/MNPs core coated with crosslinked pluronic (PEG-b-PEO-b-PEG), 
which is thermal responsive.
 111
 A magnetic field was applied for heat induction of the MNPs. 
When the temperature was increased above the transition temperature of pluronic (40 
o
C), it 
was transformed from hydrophilic to hydrophobic and shrank to squeeze the drug out from 
the core part.  
    
Figure 2.15. Structure of aspirin/(MNPs/chitosan) core/shell drug carrier investigated 
by Gong et al. 
110 
Reprinted with permission from Ref. 110. Copyright 2009 Wiley. 
Other examples of guided delivery include siRNA delivery using Poly(D, L-lactide-co-
glycolide) (PLGA) modified MNPs 
112
, pDNA delivery using poly(ethyleneimine) (PEI)-
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coated MNPs 
113
, siRNA delivery with simultaneous in vivo tracking of tumor uptake by 
MPAP peptide-functionalized MNPs 
108
 and many others.  
Water purification  
Water purification, effluent processing and toxic metal ion removal using MNPs gain 
advantages of faster separation time and larger capacity over conventional techniques, such as 
column passing, centrifuge and filtration. In addition, contaminants often exist in water in 
very diluted concentrations, like ppb level or even lower. Enrichment of analytes by MNPs 
followed by magnetic separation can greatly reduce the detection limit.  
Zhao et al. developed a MNP-based hemimicelle sorbent by physical coating of 
cetylpyridinium chloride (CPC) surfactant onto the surface of the silica-coated magnetite 
(Fe3O4/SiO2) NPs.
 114
  The sorbent could remove phenolic compounds, such as bisphenol A 
(BPA), 4-tert-octylphenol (4-OP) and 4-n-nonylphenol (4-NP), in environmental water 
samples but the removal efficiency was not investigated. The detection limit of the phenolic 
compounds can be reduced to several ng/L of concentration because the compounds were pre-
concentrated on the sorbent for quantitative analysis. The sorbent could be reused after 
suitable elution. Figure 2.16 displays the preparation method of the sorbent and application in 
contaminant removal or analyte enrichment.  
 
Figure 2.16. Schematic illustration of preparation of surfactants-coated Fe3O4/SiO2 NPs and 
application in contaminant removal or analyte enrichment. 
114
 Reprinted with permission from 
Ref. 114. Copyright 2008 Elsevier. 
- 27 - 
 
For analyte enrichment and NP recycling, magnetic force required for MNP separation 
increases with decreasing size of the MNPs. Although smaller MNPs have higher adsorption 
capacity, they face difficulty in collection. Yavuz and co-workers developed a kind of oleic 
acid-covered magnetite nanocrystals (NCs) which had very small size but can be recovered 
from waste stream by very low field magnetic gradients (<100 tesla/m). The achievement 
strongly depended on the particle monodispersity and the precise control of particle diameter 
at around 12 nm. 
115
  
Some other reports for water purification include removal of procion dye by 
unmodified MNPs 
33
, removal of phenols and aromatic amines from industrial waste water 
using tyrosinase- and amine-containing polymer surface modified MNPs 
116
 and extraction of 
soluble organic contaminants using poly(acrylic acid-g-polyethylene oxide) (PAA-g-PEO)-
coated MNPs. 
117
 
Bioseparation  
Biomolecules, such as proteins, nucleic acids, bioactive compounds and enzymes, 
often exist in very low concentration in complicated environment with matrix interference. 
Therefore, they must be concentrated, isolated and purified before having further detection, 
quantification or use. Current isolation and elution methods, for example electrophoresis and 
ultrafiltration, have their own limitations. The MNPs can be surface-functionalized with 
binding sorbents which have high selectivity to the biomolecules wanted. Being highly 
magnetic responsive, the biomolecules adsorbed on the MNPs can be separated conveniently 
by magnetic method. Figure 2.17 shows the general procedures of MNP synthesis, surface 
functionalization and application in magnetic separation of biological substances.  
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Figure 2.17. Schematic illustration of the general procedures of MNP synthesis, 
functionalization and application in magnetic separation of biological substances. 
118
 
Reprinted with permission from Ref. 118. Copyright 2014 Elsevier. 
MNPs were coated with meso-2,3-dimercaptosuccinic acid (DMSA) to perform DNA 
separation and diagnostic application by Min and coworkers. 
119
 The resultant DMSA-
modified MNPs were monodisperse and had a relatively high magnetization value (~40 
emu/g). DMSA contains carboxyl group which allows DNA absorption onto the particle 
surface. After immobilization, the DNA/MNP complex was isolated by magnetic method and 
was subjected to polymerase chain reaction (PCR) amplification without prior elution. The 
DMSA-modified MNPs gave a high DNA isolation yield of 86%.  
Another group applied chitosan surface-functionalized and silica-coated MNPs 
(Fe3O4@silica@chitosan NPs) in DNA adsorption and purification. 
120
 The highest absorption 
efficiency was about 88% and most of the DNA could be retained after elution, showing that 
the modified MNPs had better performance and selectivity than the existing phenol-
chloroform DNA extraction protocols. Besides, Chen et al. developed an 
immunochromatographic strip test for the detection of Cronobacter. And in the test, the 
nucleic acid in the lysate was separated by silica-coated MNPs.
121
 DNA separation using 
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poly(styrene-co-glycidyl methacrylate) microspheres decorated with MNPs was also reported. 
104 
Electromagnetic interference (EMI) shielding  
Electromagnetic interference (EMI) refers to any unwanted electromagnetic radiation 
emitted from electrical devices. EMI can be harmful to biological systems. MNPs can absorb 
EM waves at microwave frequency range. The MNP shielding films, which are in nano-level 
of thickness, are very light in weight. The EMI shielding effectiveness can also be enhanced 
by blending with conductive fillers such as conductive polymers and carbon nanotubes.  
Al-Ghamdi’s group investigated the EMI shielding effect of nitrile butadiene rubber 
(NBR)/MNPs nanocomposites (NCs).
 122
 They found that the electrical conductivity of the 
NCs increased with MNP content. The shielding effectiveness varied between 28-91 dB over 
frequency range of 1-12 GHz and increased with increasing MNPs contents. Therefore, they 
concluded that the EMI absorption is attributed the electrical conductivity and fast spin 
relaxation of the MNPs distributed in the NCs.  
Other examples of reported EMI shielding materials include conductive polyaniline 
(PANi)/MNPs-coated MnFe2O4 nanocomposites dispersed in acrylic resin
123
, hollow 
polyaniline/sulfonated PS microspheres surface decorated with MNPs 
124
, MNP/carbon 
nanofiber composites 
125
 and some others. 
Biosensing  
Biosensors detect substrate concentration by amperometric method, by which, the 
digestive enzymes of the substrate are immobilized covalently onto an electrode surface. The 
biochemical oxidation generates substrate-specific electric current and can be quantified by 
electrochemical method. Although it is highly selective, simple in operation and gives fast 
response, the poor electron transfer from the binding site of the enzyme to the electrode limits 
detection sensitivity. Having certain degree of electrical conductivity 
2
 and high surface area-
to-volume ratio to allow enzyme immobilization, modified MNPs have been applied in 
biosensing to improve the electron transfer process and promote detection sensitivity.  
One of the examples is phenol biosensor developed by Cevik’s group. 
74
 The 
poly(glycidyl methacrylate) (PGMA)-modified MNPs were firstly attached to gold electrode 
surface. After that, the Au electrode surface was further immobilized with horseradish 
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peroxidase (HRP) by PGMA. The immobilized HRP catalyzed the phenolic substances, such 
as catechol, aminophenol and pyrogallol, and amperometric response could be measured as a 
function of phenol concentration with well retention of enzymatic activity. 
 
Chuah et al. even made use of the superparamagnetic property of MNPs in a more 
advanced way as ‘dispersible electrodes’ in protein detection with working principle 
displayed at Figure 2.18. They immobilized anti-PSA antibody onto the Au-coated MNPs 
(Au@MNPs) and allowed the antibody-modified Au@MNPs to disperse in prostate specific 
antigen (PSA) sample solution in order to capture PSA. After adding an enzyme-conjugated 
anti-PSA antibody, the PSA-captured NPs were brought to the transducing electrode by 
applying a magnetic field so as to perform electrochemical interrogation. 
126
 The method had 
a very low PSA detection limit (100 fg/mL) and the MNPs were redispersible and reusable.    
 
Figure 2.18. Schematic illustration of the working principle of PSA sensing by anti-PSA 
antibody-modified Au@MNPs. 
127
 Reprinted with permission from Ref. 127. Copyright 
2012 RSC. 
The detection of epidermal growth factor receptor (EGFR) over-expression by 
dimercaptosuccinic acid (DMSA)-modified MNPs 
128
 was another reported application of 
MNPs in biosensing. 
Catalysis  
Gao and coworkers firstly discovered the intrinsic peroxidase-like activity of MNPs. 
129
 They found that the unmodified MNPs (without immobilized enzyme) could catalyze 
3,3,5,5-tetramethylbenzidine (TMB), di-azo-aminobenzene (DAB) and o-phenylenediamine 
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(OPD)  in the presence of hydrogen peroxide (H2O2). Besides pH, temperature and H2O2 
concentration, the catalytic activity of MNPs also depended on particle size. Smaller MNPs 
gave higher activity due to the higher surface area-to-volume ratio. It was proven that the 
catalytic activity was due to the intact MNPs but was not caused by Fe ions leached into 
solution. In addition, the catalysis by MNPs showed typical Michaelis-Menten kinetics. The 
MNPs even had a higher affinity for TMB than horseradish peroxidase (HRP). Afterwards, 
the catalytic activity of MNPs on glucose 
130
, (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid)) (ABTS), N,N-diethyl-p-phenylenediamine sulfate (DPD) 
131
 and melamine in 
dairy products 
132
 have also been examined by other groups.  
Compared with enzymes, the enzyme-like MNPs, or enzyme mimetics, are stable 
against denaturation and are highly resistant to high concentration of substrates. 
133
 Therefore, 
the unmodified MNPs can even be applied in biosensing without any enzyme immobilization.  
For instance, Park et al. demonstrated the label-free colorimetric detection of target DNA by 
MNPs. 
134
 After PCR amplification, the solution was mixed with unmodified MNPs, 
colorimetric substrate OPD and H2O2. OPD could be oxidized by the MNPs. If the DNA was 
present, it had a higher affinity than OPD and would be adsorbed onto the MNP surface 
preferentially, reducing the accessibility of OPD, thus resulted in colorimetric difference 
compared with DNA free samples (Figure 2.19). H2O2 sensing using tin-doped indium oxide 
(ITO) electrode 
135
 and human serum glucose sensing using MNPs entrapped in mesoporous 
carbon electrode 
136
 were also reported.  
 
Figure 2.19 Schematic illustration of label-free colorimetric detection of target DNA 
by MNPs by its peroxidase-like activity. 
134 
Reprinted with permission from Ref. 134. 
Copyright 2011 Wiley.
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The intrinsic peroxidase-like activity of MNPs can also be applied in degradation of 
organic pollutants with H2O2 as the green oxidant. Zhang et al. reported that the MNPs 
showed good phenolic pollutants degradation efficiency and part of the phenols was 
mineralized in aqueous solution but only in a narrow pH range. 
137
 The removal of phenol and 
aniline by MNPs, performed by Zhang’s group, was also achieved in relatively wide pH 
range. 
138
 
Generally, the catalytic activity depends also on NP morphology and charges between 
NPs and substrates. MNP surface modification can promote colloidal stability but can also 
reduce activity by reducing the contact surface area. 
MNPs have many other reported applications as well and these cannot be described in 
detail one by one. Therefore, they are listed in Table 2.4 in brief. 
Table 2.4. Some other applications of MNPs. 
Application 
Surface 
functionalization 
Results obtained 
Magnetic field 
induced shape 
memory 
139
 
No  MNPs-blended polyurethane showed shape 
memory property in response to magnetic field 
and reduction of electrical resistivity. 
High density 
magnetic data 
storage 
140
 
No The monodisperse and highly ordered MNP-
patterned nanohole arrays were fabricated from 
polymer mold using spin-on nanoprinting 
(SNAP) lithography. The resultants MNP nano-
patterned arrays had tunable and anisotropic 
magnetic properties. 
Intracellular 
tracking 
141
 
Acridine orange 
(ACO),  a nucleic 
acid binding dye 
The modified MNPs had strong intracellular 
fluorescence when incubated with 293T cells 
and could track the intracellular pathway of the 
MNPs.  
Tissue engineering 
142
 
Mixture of lipids Firstly, the magnetic cationic liposomes (MCLs) 
were uptaken by retinal pigment epithelium 
(RPE) cells. After that, the MCLs absent cells 
were removed and MCLs containing RPE cell 
sheets were constructed in vitro by magnetic 
force.  
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Controlled 
alignment of 
lyotropic liquid 
crystal 
143
 
Poly (acrylic acid) The MNP-doped lyotropic liquid crystal (LLC) 
mesophases assisted nucleation and growth of 
the LLC grains and overcame the particle size 
limitation for orientation. The orientation could 
also be erased and rewritten without efficiency 
loss.  
Hyperthermia 
treatment for 
malignant cells 
144 
Carboxydextran  Heat was generated by magnetic induction that 
the intra-tumor temperature rose rapidly and was 
maintained at 43 – 45 
o
C. The MNPs become 
powerful heat source to destroy tumor tissues, 
which are more heat sensitive than those of the 
healthy counterparts. 
145
 The tumor size was 
significantly reduced with no severe adverse 
effect.  
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2.3.   Atom transfer radical polymerization (ATRP) 
In a typical free radical polymerization (RP) of chain growth polymerization, an initiator 
cleaves or decomposes homolytically to form radical(s) to initiate polymerization. The active 
radicals attack monomers continuously to propagate their chain length until termination, by 
which, the radical is transferred to another molecule or chain or two radicals are combined 
together. Scheme 2.1 shows the initiation, propagation and termination steps of a typical RP.  
Initiation:         RO-OR    2RO• 
               RO• + M   RO-M• 
Propagation:       Pn• + M     Pn+1• 
Termination:               Pn• +  Pm•    Pn+m 
Pn• +  Pm•    Pn + Pm 
Transfer:       R-H +  Pm•    R• + Pm 
Scheme 2.1. Mechanism of a typical radical polymerization. 
146
 
The initiation is relatively slow while the propagation process is very fast (around 1 s or 
shorter). Since the lifetime of growing chains is very fast, end functionalization and addition 
of a second monomer to form block copolymer are impossible. In addition, control of 
molecular weight and molecular weight distribution are low, i.e. large dispersity (Ð), due to 
radical termination. Moreover, chain transfer happens on some polymers, such as low density 
PE and PMMA, that branched polymers are resulted because backbone chains are terminated 
while side chains are initiated.  
Controlled / living radical polymerization (CRP), which aims to eliminate transfer and 
termination reactions from chain growth polymerization, has been developed by 
Matyjaszewski et al.
 147,148
 A dynamic equilibrium between propagating radicals and dormant 
species in the presence of catalyst complex is established under CRP. The initiation step is 
fast while the propagation rate is relatively slow to control the chain length and minimize the 
proportion of terminated chains. The long propagation step also endues opportunity of chain-
end functionalization and block copolymer formation.  As a result, chain architecture, such as 
unbranched, well defined block copolymers with good control of MW and distribution as well 
as end functionalization, can be achieved.   
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In free radical polymerization, the polymer chains are said to be ‘dead’ due to the very 
short lifetime from initiation to termination without possibility for further polymerization. 
Under CRP, the chains are regarded as ‘living’ because the active alkyl halide chain ends can 
be repeatedly reactivated, which is similar to anionic polymerization. Atom transfer radical 
polymerization (ATRP) is one of the common CRP to prepare well defined polymers with 
complex architecture. The major advantage of ATRP is its tolerance to the wide range of 
monomers of different functional groups, e.g. oxirane, amino, ester, ether, hydroxyl and 
siloxy groups. 
149,150
 For example, conventional RP of furfuryl methacrylate (FMA) causes 
excessive gel formation due to the reactive furfuryl ring. But gel formation was absent during 
ATRP of FMA. 
150
 In addition, direct polymerization of the monomers borne with ionic 
substituents, such as sodium 4-vinylbenzoate and 2-N,N,N-dimethylaminoethyl methacrylate, 
by ATRP has been achieved. 
151
 Moreover, the linear polymer chains synthesized contain 
halogen end-groups, which allow further reaction to incorporate functional end-group or 
block copolymerization. 
149 
2.3.1. Normal ATRP 
Besides monomer(s), the essential components of a normal ATRP include an alkyl 
halide initiator (RX), transition metal (Mt
m
) and complexing ligand (L). A suitable solvent is 
also required for non-bulk polymerization. Metals are redox-active, i.e. can change oxidation 
state reversibly, and are in complex form with halides. There are various choices of transition 
metal and the most frequently used is Cu(I). 
152,153
 Other group 4 metal ions, such as Ru 
154
,
 
 
Fe 
155
,
 
Mo 
156
 and Pd 
157(ref)
, are also reported. The complexing ligands, for example bidentate 
bipyridines 
158
 (bpy), tridentate diethylenetriamines 
159
 (DETA), tetradentate tris-(2-
pyridylmethyl)amine 
160
 (TPMA) and other polydentates 
161
, are used in conjuction with the 
transition metals also to maintain solubility of the transition metal in the reaction mixture.  
Scheme 2.2 illustrates the reaction mechanism of a typical ATRP with Cu(I) used in 
the catalytic complex. ATRP is initiated by the homolytic cleavage of the carbon-halide 
bonding of the alkyl halide (R-X) initiator by the metal/ligand catalyst complex (Mt
m
/L) 
(removal of halide from the initiator) to generate an active radical (R·) with rate constant Kact. 
The metal itself goes to the higher oxidation state (Mt
m+1
X/L) (Scheme 2.2a). The 
propagation process exists in equilibrium. In the presence of the catalyst complex, the 
propagating radicals (Pn·) are reversibly trapped in a deactivation process to form the halide-
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capped dormant species (Pn-X) and the dormant species are activated to reform the growing 
centers. (Scheme 2.2b and d). The active radical propagates by progressive addition of 
monomer units when it is activated. But for most of the time, the chain is deactivated (Kdeact 
>> Kact) which gives a relatively slow propagation rate. Together with the fast initiation step, 
the growth of every chain is nearly the same in speed to produce polymers with nearly the 
same length, i.e. small Ð. Similar to conventional RP, ATRP can also be terminated by 
coupling or disproportionation (Scheme 2.2c). However, termination is largely reduced as the 
ATRP equilibrium shifts strongly towards the dormant species and the radical is maintained 
in low concentration (Scheme 2.2d). In addition, synthesis of high molecular weight (MW) 
polymers is also possible. 
a) Initiation 
 
b) Propagation: 
 
c) Termination 
 
d) Overall equilibrium 
 
Scheme 2.2. Schematic illustration of mechanism and the overall equilibrium of ATRP with 
Cu
+
 used in the catalyst complex. 
162
 Reprinted with permission from Ref. 151. Copyright 
1998 ACS. 
According to Equation 2.5, the polymerization rate of ATRP increases with initiator 
concentration and depends on the ratio of radical-to-dormant species and monomer 
concentration.  
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Rp = kp KATRP ([PnX][ Mt
m
 /L][M])/([X - Mt
m+1
 /L])                           (2.5) 
And according to Equation 2.6, Ð can be reduced by decreasing the ratio of kp/kdeact. That 
means, the polymer uniformity can be improved by increasing the deactivator concentration 
and monomer conversion. In addition, transition metal which contributes to high kdeact can 
give low Ð even it is used in low concentration.  
   (2.6)
 139
  
The major disadvantage of ATRP is that it requires high concentration of transition 
metal because the Cu(I) cannot be fully replenished due to radical termination, though the 
termination is highly supressed. As a result, monomer conversion is limited and the metal 
contaminant is also difficult to be removed. Some other variations of ATRP have been 
developed in order to reduce the amount of the transition metal as well as oxygen and radical 
inhibitor scanvenge. For example, in the initiating/catalytic method based on activators 
regenerated by electron transfer (ARGET), the transition metal (activator) is continuously 
regenerated by reducing agents. 
163
 And in another technique, initiators for continuous 
activator regeneration (ICAR), conventional radical initiators, e.g., AIBN, are used to 
regenerate free radicals, which are responsible for activator regeneration, in turn. Both 
methods reduce the concentration of Cu(I) to ppm level or 10
-4
 mol % vs. monomer. 
147 
2.3.2. Surface initiated ATRP (SI-ATRP) 
The same as normal ATRP, surface-initiated ATRP (SI-ATRP) also includes transition 
metal (Mt
m
), complexing ligand (L) and a suitable solvent. But a surface-initiator, alkyl halide 
initiators bound at solid surface, is used instead of a free initiator. SI-ATRP has been 
investigated on many kinds of solid substrates with different morphology and size, such as 
graphene oxide (GO) sheets 
164
, hollow silica microspheres 
165
,  silicon wafers 
166
, alumina 
NPs 
167
, titania NPs 
168
, gold electrodes 
169
, silicon poly(sulfobetaine methacrylate), PVMS 
elastomers 
170
, poly(vinyl chloride) (PVC) membranes 
171
, carbon nanotubes (CNT) 
172
 and 
many others. The materials are surface functionalized with alkyl halides prior to ATRP and 
some agents for alkyl halide surface functionalization have been mentioned in Section 2.1.3.  
SI-ATRP of 2-dimethylaminoethyl methacrylate (DMAEMA) from MNP surface 
performed by Liu’s group is shown in Figure 2.20 as an example. 
173
  Firstly, the MNP 
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surface was silane-functionalized followed by formation of poly(hydroxyethylmethacrylate) 
(PHEMA) trilayer and then alkyl halide attachment using 2-bromoisobutyryl bromide 
(BIBB). After that, the monomer, DMAEMA, was added together with CuBr/bpy as 
metal/ligand catalyst complex and toluene to carry out SI-ATRP to form the PHMA-g-
PMAEMA graft copolymer on the MNP surface. The PDMAEA content was as high as 36% 
while that of the MNPs was only about 11% with low Ms (3.5 emu/g). The graft copolymer 
was applied as stabilizer for in situ loading of Au NPs . 
 
 
Fe3O4/SiO2/PHEMA-g-PDMAEA/Au      Fe3O4/SiO2/PHEMA-g-PDMAEA        Fe3O4/SiO2/PHEMA-Br 
Figure 2.20. Schematic route of alkyl bromide-functionalization of MNP followed by SI-
ATRP of DMAEMA. 
161 
Reprinted with permission from Ref. 161. Copyright 2013 ACS. 
Another example is preparation of PMMA-surface modified titania/reduced graphene 
oxide nanocomposites (PMMA-TiO2/rGO NCs) by visible light-induced SI-ATRP. 
174
 As 
shown in Figure 2.21, the TiO2/rGO NCs were treated with APTMA followed by BIBB 
immobilization to form the surface-initiators for SI-ATRP of MMA in dimethylformamide 
(DMF) with the presence of tetrasulfonated Cu(II) phthalocyanine (Cu(II)PcS) under visible 
light irradiation. The NCs acted as photoactive materials to reduce Cu
2+
 to Cu
+ 
and the 
Cu(I)PcS generated in situ served as an activator in the SI-ATRP and PMMA chains were 
grown on the NC surface. The number average molecular weight (Mn) and Ð were controlled 
within 20200 – 25900 g/mol and 1.29 – 1.37, respectively, dependent on the MMA 
conversion (42 – 90 %). And wide range of polymer content could be grafted (21 – 99 %). 
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Figure 2.21. Schematic route of alkyl bromide-functionalization of TiO2/rGO NCs followed 
by SI-ATRP of MMA.
 
Reprinted with permission from Ref.174. Copyright 2016 RSC. 
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2.4. Magnetic nanocomposites 
Nanocomposites (NCs) are multiphase or heterogeneous solid materials with one of 
the components in nano-dimension size or distance. Or they can simply be regarded as nano-
dimension solids in combination with a bulk matrix and the matrix and solid materials have 
different properties and natures. The purpose of adding specific nano-sized solid materials to 
the matrix is to improve or create some desired properties to the resultant NCs. However, 
poorly distributed nanomaterials have adverse effects to the resultant NCs. Therefore, it is 
crucial for the nanomaterials to be dispersed homogeneously in the matrix in order to perform 
the desired properties. However, since the mixture of nanomaterials and the matrix is 
heterogeneous, suitable modifications on nanomaterials or matrix or both are usually required 
to promote chemical or physical interaction. Magnetic nanocomposites (MNCs) contain one 
of the components which is magnetic responsive. MNCs can appear in the following forms. 
Organic-inorganic nanohybrids  
Organic-inorganic nanohybrids are nano-dimension materials which are made up of 
inorganic nanoparticles and organic polymers. 
175
 For MNCs in the form of organic-inorganic 
nanohybrids, MNPs can be embedded in core part or be decorated at shells. MNPs can also be 
distributed in inorganic porous systems or decorated on the system’s surface with polymers 
incorporated. Many examples of polymer-modified MNPs have been shown in Section 2.1.3. 
Figure 2.22 displays the TEM images of the nanostructures of these four types of organic-
inorganic nanohybrids.  
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a)    b)  
c)   d)    
Figure 2.22. TEM images of nanostructures of organic-inorganic nanohybrids with MNPs a) 
embedded in polymers poly(2-methoxyethyl methacrylate), (PMEMA) 
176
, b) decorated on 
polymeric nanoparticle (PS NPs) surface 
83
, c) distributed in porous nanosystem (mesoporous 
nanosilica) with polymer coating 
177
 and d) decorated on inorganic nanomaterial (multi-
walled CNTs) surface with polymer coating 
178
. Reprinted with permission from Refs. 163, 
83, 164 and 165, respectively. Copyright 2006 ACS, 2014 ACS, 2016 Elsevier and 2015 
Elsevier, respectively. 
Fillers in matrices  
MNPs can also be found as fillers in polymeric materials and alloys. MNP-filled 
polypropylene (PP) showed improved thermal conductivity and higher degree of interaction 
then pure PP. 
179
 Poly(vinylidene fluoride)/carbon nanotube (PVDF/CNT) matrix with 
10 wt. % of MNPs gave maximum electric conductivity and dielectric permittivity. 
180
 MNP- 
decorated halloysite nanotube-filled gels gave extra comprehensive strength to benzylidene-
sorbitol-based supramolecular gels. 
181
  MNPs grafted with P(BA-co-MMA) copolymers were 
blended in thermoplastic elastomers. The MNP/elastomer nanocomposites showed significant 
increase in tensile strength and elastic recovery compared with the pure elastomers. 
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182
Aluminum matrix composites (AMCs) reinforced with MNPs also exhibited good electrical 
conductivity and magnetic permeability for multifunctional lightweight materials. 
183
 
In preparing polymer-based MNCs, MNPs are firstly blended to polymer melt or 
solution followed by cooling, solvent removal or precipitation. 
166,167
 Alternatively, the MNPs 
are mixed with monomers, pre-polymers or curable resins followed by curing, crosslinking or 
hardening. 
168
 However, the MNPs can phase separate in both case during curing or solvent 
removal. 
84
 Therefore, this is a challenge to the MNPs to remain evenly dispersed during 
curing or solvent removal. Some kind of measures, such as ultrasonic treatment, 
184
 adjusting 
curing temperature 
185
 and suitable surface modification on MNPs, were applied to improve 
MNP dispersion in the nanocomposites. Ultrasonication can only disperse MNPs in resins 
(with solvents) but is not useful to prevent NP aggregation during curing. Surface 
modification is more effective to prevent NP aggregation during curing if the anchoring 
groups also take part in the curing process or polymerization reaction. For example, the    
methacryloxypropyltrimethoxysilane surface modified ZnO NPs were blended to the coating 
formulations of electron-beam curable acrylate resin and the surface modified ZnO NPs 
showed better stability in the resins than the unmodified counterparts because the anchoring 
methacrylate groups promoted compatibility of the NPs in the resin as well as took part in 
polymerization together with the matrix during curing. 
186
 However, the surface modification 
is material specific and is not universal to all systems.   
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2.5. Damage-free structural health monitoring (SHM) using MNPs 
Damage-free structural health monitoring (SHM), also known as nondestructive 
testing (NDT), is an important and routine task of nondestructive material inspection to 
determine the life span of the materials in industrial and engineering fields. SHM on plastics 
is a great challenge because plastics are not electrically, thermally conductive and 
magnetically responsive. The heterogeneity of composites even gives extra hurdle to the 
inspection. 
187,188
  Current common SHM methods to inspect polymer-based materials and 
their limitations are listed below. Moreover, the polymer-based materials can also be made 
electrically or thermally conductive or magnetically responsive by adding suitable fillers or 
fibers to form composites. The potential SHM techniques of the materials blended with MNPs 
are also explored below. 
2.5.1. Common SHM techniques 
Ultrasonic testing (UT) 
 
Ultrasonic testing (UT) makes use of high frequency sound wave to detect internal 
flaws. 
189
 The piezoelectric transducer is responsible for ultrasonic wave generation and 
receiving. It contains a piezoelectric crystal mounted in a water proof housing and is 
connected to a pulsar and a receiver. Firstly, the pulsar produces a high-voltage short-duration 
electric spike. The spike is transmitted to the crystal which emits an acoustic pulse to the 
specimen. The returning echoes compress the crystal and the signals are processed by the 
receiver. Couplant is applied onto the specimen to transfer ultrasonic wave between 
transducer and specimen. However, dry contact transducers do not need any couplant except 
air. 
190
 
UT has a lower resolution to nonmetals than metals and alloys.
 176
 Moreover, material 
compositions greatly affect UT efficiency. So, conventional inspection procedures fail to 
detect flaws of composites which are heterogeneous by formation.
 175 
The
 
difficulty of data 
interpretation is also one of the considerations. The testing operation requires careful attention 
of experienced technicians and extensive technical knowledge is also needed to distinguish 
the signals. 
 
Radiographic testing (RT) 
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High energy radiation can penetrate to deep internal parts of materials to be inspected. 
Therefore, high energy radiation, such as X-rays, can be applied in SHM effectively even for 
internal flaws detection. Discontinuities often have different radiation absorption 
characteristics compared with those of the healthy parts of the specimen. RT records the 
optical density of the wave absorbed by the specimen and the flaws are expressed as shadow 
on a radiograph. 
191
 
Since RT depends on the radiation absorption characteristics, discontinuities which 
have the same absorption as the normal parts cannot be detected. Moreover, it involves 
expensive equipment. Scales and debris can also significantly affect testing accuracy. There is 
also a risk of chemical bond breaking of the materials under the exposure of high energy 
radiation. In addition, it can only be operated with licensed personnel because the radiation is 
hazardous to human health. 
192
   
Shearography 
Shearography or speckle pattern shearing interferometry is an optical method to 
measure mechanical response of the materials to the stress applied. 
193
 Firstly, coherent laser 
beam is illuminated onto the specimen. A stochastic interference pattern or a speckle is 
detected by an interferometer and is captured by a charge-coupled device camera. The speckle 
image from the reference (flawless) material is also captured and is overlaped with that of the 
specimen to create a shearogram. After that, a loading, for example, vacuum, vibration, 
mechanical, thermal or acoustical stress, is applied onto the object to induce deformation or 
strain at the test surface. The shearograms with and without stress are compared. If there is a 
hidden defect, the surface will deform unevenly at the surface and the flaws can be identified. 
Shearography allows large testing area. And it is insensitive to environmental disturbance 
because of the internal reference.  
Since material-specific stress is crucial to be applied in order to reveal the defects,
 175
 
sherography is limited to nonrigid materials and near surface defects. Moreover, excessive 
applied stress is possible to cause damage to the samples being tested.  
Liquid penetrant testing (PT)  
Liquid penetrant inspection (PT) is a common low cost method to inspect surface-
connected discontinuities of nonporous materials. 
194
For inspection procedures, a brightly 
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visible or fluorescent colored penetrating liquid, with low surface tension, is firstly applied 
onto the clean and dry part surface. Time is allowed for the liquid to diffuse into the cracks by 
capillary action. After that, the excess liquid, which is on the surface, is removed and a 
developer is added to draw the indwelling penetrating liquid out from the cracks to the 
surface. Finally, the locations of the surface defects can be identified easily.  
PT can be applied in wide range of materials, including metals, plastics and ceramics. 
However, the inspection is limited to surface defects only and the samples must be cleaned 
before and after every inspection. The inspections require high cleanness level and it is 
possible that the samples are stained with penetrates, which cannot be removed completely. In 
addition, the users have to consider about the compatibility of the penetrant and developer as 
well as suitable solvent for plastic inspection. Lastly, the penetrant itself also can cause skin 
irritation.  
Infrared thermography (TT) 
Similar to RT, infrared thermography (TT) monitors the changes of the thermal 
patterns of an object when it is under IR exposure. 
195
 In a typical operation, the objects are 
irradiated by IR waves or even heated or cooled in ambient condition. The IR energy is then 
scattered or diffused within the objects. The temperature change or heat energy emitted or 
reflected by the objects being inspected will be captured by an IR camera. Since defects have 
a thermal emissivity which is different from the healthy parts, the defects will be imaged as 
variation in image brightness. TT works well especially on the detection of interfaces and 
interfaces within layered objects. Besides, as time is needed for the heat energy to diffuse 
from the surface part to the deeper part of the objects, detection of the depth of the flaws can 
also be achieved by measuring the time for the thermal response.  
TT is less effective in plastics due to their low thermal conductivity and diffusivity. 
196
 
Color variation of the test objects also has great influence on measurement accuracy.
 
2.5.2. Rationale of SHM of magnetic nanocomposites (MNCs) 
In order to realize SHM of polymer-based materials, some kind of fillers or fibers can 
be added into the materials so that the resultant nanocomposites can be electrically, thermally 
conductive or magnetically responsive. For instance, Gao and coworkers tried to promote 
electrical conductivity of the fiber/epoxy composites by incorporating multiwalled carbon 
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nanotubes to the glass fibers.
 197 , 198
 Guo et al. developed another kind of electrically 
conductive magnetic nanocomposites (MNCs) by incorporating polypyrrole-modified MNPs 
to bisphenol F based epoxy resins.
199
 The composites exhibited good magnetic property. 
However, high MNP contents were required to reach an obvious increase of electrical 
conductivity. Mosanenzadeh and coworkers enhanced the thermal conductivity of 
poly(lactide) (PLA) by blending PLA matrix with large amount of hexagonal boron 
nitride/liquid crystal polymer hybrid. 
200
 Besides, Zhou et al improved thermal conductivity of 
the immiscible polyamide 6/polypropylene blends by dispersing flake graphite in the blend 
system. The increase of thermal conductivity was more obvious when higher percentage of 
graphite was blended into the system. 
201
  
After suitable surface modification, the MNPs can be dispersed well in polymeric 
materials. By blending the surface modified MNPs to the polymer-based structural parts to 
form magnetic nanocomposites (MNCs), the objects can also be endued with magnetic 
property. Since discontinuities are nonmagnetic in nature, the presence of them will cause a 
decrease of magnetic signal under magnetic detection. Therefore, the SHM methods used 
normally for magnetic specimen are potentially possible for inspecting MNCs. The potential 
detection techniques of MNCs are introduced below. 
2.5.3. Potential detection techniques of MNCs  
Eddy current testing (ET) 
Eddy current testing (ET) is an electromagnetic (EM) technique of SHM. The 
instruments contain one or two coils which are parallel to each other. For two coil 
instruments, the testing coil generates alternating magnetic field to the test object so that eddy 
current, which opposes the magnetic field of the testing coil, is induced on the surface and 
sub-surface of the object. The sensing coil measures the electrical conductivity (current 
density) or magnetic permeability throughout the surface. For one coil instrument, testing and 
sensing are performed by the same coil. If a defect is present, there will be a change of the 
current density or impedance. 
202,203
 For example, the induced current density within a crack 
edge is near zero since the current is blocked by the geometric discontinuity. ET is completely 
nondestructive to the test objects. It is in non-contact operation, making absolutely zero 
damage and contamination. In addition, the high accuracy conductivity measurement makes it 
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sensitive even to very small defects (> 0.1 mm). Moreover, surface coating does not affect 
detection and pre-cleaning is not required.  
Since current density is to be measured in ET, the technique is limited to electrically 
conductive materials. In addition, eddy current density decreases with the depth that only 
surface and sub-surface inhomogeneity can be detected. The testing result is also affected by 
surface roughness.    
Magnetic flux leakage (MFL)  
Magnetic flux leakage (MFL) also makes use of the electromagnetic property of the 
test objects in inspections. Before inspection, the specimens must be magnetized with a strong 
permanent magnet or under a strong magnetic field. The test object is placed between the 
opposite poles of two magnets and magnetic flux is flushed into the object. A sensor is 
positioned near the surface of the object for flux detection. If there is a non-metallic defects, 
such as corrosion or void in the metal, there will be a sudden change of magnetic 
permeability. Some magnetic flux is forced to leak out of the object and is detected by the 
sensor. 
204
 
Same as ET, surface coating of the specimens does not affect MFL measurement and 
the detection sensitivity decreases with depth because it is difficult to obtain magnetic 
saturation at deep region. But MFL allows inspections with higher thickness than ET in 
general. MFL has low sensitivity to small defects but better defect localization compared with 
ET. 
205
 In addition, the sensor is in contact with the specimens, so there is a need to clean the 
specimens before measurement.    
 Result presentation 
After material inspections, the SHM results have to be presented in a way which is 
easy to be understood by non-professional persons. C-scan is one kind of the presentations to 
illustrate the distribution and size of the flaws over one surface as a top view 2D image and 
the images are produced by an automated data acquisition system. Figure 2.23a illustrates the 
top view scanning direction of C-scan of the sensing probe over the rectangular sample. The 
probe moves in horizontal direction row by row in parallel with fixed distance of data taking 
points. The resultant C-scan image, where the defect is visualized as a white area, is shown in 
Figure 2.23b.    
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a)   b)  
Figure 2.23. Overview of C-scan.  a) Top view of the sample to be scanned and scan 
direction of the probe. The defect is shown as a dark area. b) C-scan presentation, with the 
defect visualized as white area.  206 
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3. Objectives of the work 
The highly magnetic responsive property and high specific surface area of MNPs make 
them attractive candidates for wide range of applications, such as guided drug delivery, 
bioseparation and water purification. However, having relatively high density and lacking of 
surface functional group, unmodified MNPs are easy to sediment and are not compatible in 
many environment. In addition, MNPs are susceptible for further oxidation and dissolvation. 
Consequently, different kinds of surface modifications were developed to solve those 
problems and also to design MNPs to suit specific applications.  
The objectives of this research are to prepare MNPs with suitable surface modifications so 
that the resultant MNPs can have appropriate functions to be applied in nondestructive 
structural health monitoring of epoxy-based materials by magnetic detection techniques. For 
successful application, the modified MNPs should be highly magnetically responsive and 
show superparamagnetism. In addition, they should have appropriate size and good colloidal 
stability not only in dispersing medium, but also form homogeneous distribution in polymeric 
structural part materials.  
To achieve these objectives, we have designed poly(glycidyl methacrylate)-modified 
MNPs (Fe3O4-PGMA NPs) in a way that MNPs are surface-coated with PGMA brushes. The 
MNPs are anticipated to be strongly magnetic responsive while the PGMA layer protects the 
inner MNPs from NP aggregation and further oxidation. Besides, PGMA chains can promote 
colloidal stability and contain rich amount of epoxide groups to interact with epoxy resins for 
formation of magnetic epoxy nanocomposites (MENCs). Further chemical modifications are 
also possible using the functional epoxide groups.  
The work can be divided into several parts regarding to the synthesis and characterization 
of Fe3O4-PGMA NPs and MENCs and their application in SHM: 
1) Preparation of magnetite nanoparticles followed by PGMA surface modification using 
two approaches, i.e. grafting-from and grafting-to approaches, respectively, as well as 
optimization of reaction conditions. For grafting-from approach, PGMA chains are 
grown from the MNP surface by surface-initiated atom transfer radical polymerization 
(SI-ATRP). For grafting-to approach, the pre-synthesized PGMA with functional end-
groups are grafted to the functionalized MNP surface.  
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2) Characterization of the synthesized PGMA-modified MNPs and comparison with 
other MNPs (oleic acid-modified and commercially available MNPs) with respect to 
their particle size and uniformity, morphology, stability in organic solvents, magnetite 
content and magnetization strength.  
3) Formation of magnetic nanocomposites by blending PGMA-modified MNPs into 
epoxy-based systems. 
4) Characterization of the magnetic epoxy nanocomposites with respect to the NP 
distribution in nanocomposites, magnetization strength and mechanical properties. 
5) Exploration of the application of PGMA-modified MNPs in nondestructive testing 
using some magnetic detection technique. 
Since GMA contains the reactive epoxide group, it is sensitive to the components of the 
polymerization mixture to cause side reactions. 
149
 Therefore, ATRP technique was chosen for 
both approaches of PGMA surface modification because and it is relatively tolerant to wide 
range of monomers with different functional groups.  
Those currently reported and commercially available MNPs surface-modified with PGMA 
have low magnetite contents and magnetization. They must be added to the resins in large 
percentage so as to obtain adequate magnetic signal for inspection. In this way, mechanical 
properties of the original materials will be greatly affected. In addition, most of them are 
aqueous based and are not suitable for polymeric resins. Moreover, some of them are even in 
micrometer size, which is too large for application. 
46,75,92-100,207,208
  
One of the novel aspects of this work is the formation of magnetic nanocomposites 
(MNCs) with MNPs homogeneously distributed. NP aggregation is very common and easy to 
take place and they cannot be redispersed once they form large agglomerates. Hence, the 
problem of aggregation in dispersing solvent, resin and cured products have to be minimized. 
The PGMA-modified MNPs can be stabilized by the surface PGMA layer in several solvents, 
such as chloroform, tetrahydrofuran and acetone, as well as epoxy resins without intensive 
ultrasonic treatment which can cause destructive effect on the MNPs.  In addition, the epoxide 
groups of PGMA can also participate in the curing reaction to minimize NP aggregation 
during curing process. Moreover, the MNPs are stored and are used in dispersion form instead 
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of dried state. Even in the blending process, the MNPs are added to the resins in dispersion 
form followed by solvent evaporation also because of the same reason.  
Damage-free structural health monitoring (SHM) is a completely new application of 
MNPs and has not yet been reported. Being magnetically and electrically insulative, 
polymeric materials can hardly be inspected in nondestructive ways. The magnetic 
responsiveness and electrical conductivity of MNPs have been verified in many literatures. 
Theoretically, polymeric materials can be endowed with the same properties, i.e. magnetically 
responsive and electrically conductive properties, if the MNPs are mixed into the polymer 
matrix to form MNCs. However, this novel idea has not been put into practice. Accordingly, 
in this thesis, pioneering SHM of the MNCs using electromagnetic techniques has been 
explored to investigate the possibility that they can be inspected like normal conductive 
materials. 
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4. Materials, methods and characterization 
4.1. Materials 
The list of chemicals used is shown below.  
             Chemical                                                                       Supplier                   .  
Aluminum oxide, activated, basic    Sigma-Aldrich 
Aluminum oxide, neutral (50 – 200 µm)   Acros 
Ammonium hydroxide, 28-30 wt. % in water  Acros 
Bisphenol A diglycidyl ether    Sigma 
α-Bromoisobutyryl bromide (98%)    Aldrich 
Copper (I) bromide (99.999%)    Aldrich 
Diethylenetriamine (99%)     Sigma-Aldrich 
Ethyl α-bromoisobutyrate (98%)    Aldrich 
Glycidyl methacrylate (97%)    Aldrich 
Hardener EPH161      Bakelite 
Hexanethiol       Sigma-Aldrich 
Hydrochloric acid, 37%     Merck 
Iron (II) chloride tetrahydrate (>99.0%)   Sigma-Aldrich 
Iron (III) chloride hexahydrate (>98%)   Sigma-Aldrich 
Magnesium sulfate, anhydrous    Sigma-Aldrich 
Methyl methacrylate (99%)     Sigma-Aldrich 
(3-Mercaptopropyl)triethoxysilane (>80%)   Aldrich 
N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (99%) Aldrich 
Oleic acid        Fluka 
             Triethylamine                                                                      Aldrich                                . 
 
The list of solvents used is shown below.  
            Solvent                        Supplier                           .  
Acetone   Acros 
Chloroform   Acros 
Diphenyl ether  Sigma-Aldrich 
Ethanol, absolute  VWR 
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n-Hexane   Merck 
Methanol   Acros 
            Toluene   Acros                                . 
Plasma treated ultra-high molecular weight polyethylene (UHMWPE) woven fabrics and 
yarns are given by Mr. Matthias Bartusch (Institute of Textile Machinery and High 
Performance Material Technology, Technische Universität Dresden, (ITM, TUD)) 
4.2. Methods 
4.2.1.  Synthesis of magnetite nanoparticles (Fe3O4 NPs)  
FeCl2 ‧ 4H2O (0.596 g, 3 mmol.) and FeCl3 ‧ 6H2O (1.622 g, 6 mmol.) were dissolved in 
300 mL of Milli-Q H2O. The solution was mechanically stirred for 20 min with Ar purging 
under room temperature. Diluted NH4OH solution (20 mL, 0.5 M) was added dropwisely with 
a pressure equalizing funnel within 30 min with vigorous mechanical stirring. The pH value 
of the mixture reached about 6. After a further 30 min of constant stirring, a more 
concentrated NH4OH solution (20 mL, 1 M) was added also dropwisely within 30 min. After 
that, the temperature of the solution was increased to 70 
o
C and kept for 1 h in water bath. 
Finally, the mixture was cooled down to room temperature.    
The crude Fe3O4 NPs were purified by repeated magnetic separations (using a permanent 
magnet) and decantations with Milli-Q H2O for 5 times and then optionally further washed 
with ethanol or anhydrous acetone for 5 times, based on the kind of surface modification. The 
purified NP dispersion was placed in ultrasonic bath for 10 min in order to disperse the NPs 
well in the solvents.  
The NP concentrations of the purified dispersions were determined by weighting method. 
Fixed volume of NP dispersion (1 mL) was added to a glass vial. It was placed in vacuum 
oven overnight to allow solvent evaporation. The dried NPs was weighed. The calculation 
was shown in Appendix I. 
4.2.2. Surface modification using oleic acid 
Various amounts of oleic acid (OA) were dissolved in toluene or hexane (20 mL) to 
prepare several concentrations of OA solution (50 – 150 mg / mL). Fe3O4 NPs in water 
dispersion (5 mg / mL, 20mL) and OA solution were mixed at a 100 mL round bottom flask 
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and mechanically stirred at room temperature for 6 h. After stop stirring, the two immiscible 
layers were reformed. The water layer and unstable NP precipitates were removed. The oleic 
acid-modified magnetite (Fe3O4–OA) NPs containing organic layer was purified by repeated 
centrifuge and decantations with hexane or toluene for 5 times.  
4.2.3.  Surface modification with PGMA by grafting-from approach 
Fe3O4 NPs were surface modified with poly(glycidyl methacrylate) (PGMA) by 
grafting-from approach. Firstly, the NPs were surface functionalized with bromoisobutyryl 
groups. Then, PGMA chains were grown from it via SI-ATRP.  
A) Formation of macro-initiator using BIBB 
The purified Fe3O4 NPs anhydrous acetone dispersion (15 mg / mL, 40 mL) and 
triethylamine (TEA, 0.25 – 1.0 g, 2.5 – 10 mmol.) were mixed and mechanically stirred 
constantly in a 2-necked round bottom flask at an ice bath for 15 min. α-Bromoisobutyryl 
bromide (BIBB, 0.575 – 2.3 g, 2.5 – 10 mmol.) was dissolved in 20 mL anhydrous acetone. 
The solution was added to the NP dispersion dropwisely within 1 h. After that, the mixture 
was stirred at ice bath for further 2 h followed by room temperature for 1 day. The crude α-
bromoisobutyryl-modified Fe3O4 (Fe3O4-BIB) NPs were purified by repeated magnetic 
separations and decantations with anhydrous acetone for 5 times.  
B) SI-ATRP of GMA 
Immediately before usage, glycidyl methacrylate (GMA) was pretreated to remove 
monomethyl ether hydroquinone inhibitor by passing through basic alumina column.  
GMA (1.424 g, 10 mmol.) and various amount of Fe3O4-BIB NP dispersion (volume 
equivalent to 0.022 – 0.050 mmol. of -BIB group) were mixed in a round bottom flask. The 
acetone in the mixture was removed by rotary evaporation under reduced pressure at room 
temperature. After that, diphenyl ether (2.136 g) and N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA, 6.5 – 10.4 µL, 0.031 - 0.050 mmol.) were added 
to give a final 40 wt. % of monomer content. The mixture was treated by freeze-vacuum-thaw 
cycle for 3 times to remove the dissolved gas. After treatment, the flask was filled with argon 
gas.  On the other hand, Cu(I)Br (4.5 – 7.2 mg, , 0.031 - 0.050 mmol.) was placed in a dry 
schlenk reaction tube equipped with a glass stirrer blade. The tube was purged with argon for 
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30 min before the monomer mixture was transferred to the schlenk tube. The reaction mixture 
was mechanically stirred in a constant speed for different lengths of time and at different 
temperatures with Ar gas protection.      
The crude poly(glycidyl methacrylate)-modified Fe3O4 (Fe3O4-gf-PGMA) NPs were 
purified by repeated magnetic separations and decantations with chloroform (CHCl3) for 5 
times.  
4.2.4. Surface modification with PGMA by grafting-to approach 
Fe3O4 NPs were surface modified with PGMA by grafting-to approach. Firstly, the 
NPs were surface modified with thiol groups with MCTES. After purification, the PGMA 
pre-synthesized by ATRP were attached to the surface of the thiol-functionalized NPs.  
A) Surface modification using MCTES 61,62 
The purified Fe3O4 NPs water dispersion (70 mg / mL, 10 mL) was diluted with 40 
mL of ethanol so that the NP was dispersed in 1:4 (v/v) H2O/EtOH solution. After 10 min of 
ultrasonic treatment, the NP dispersion was mechanically stirred constantly in a 2-necked 
round bottom flask at 40 
o
C for 10 min. Various amount of (3-mercaptopropyl)triethoxysilane 
(MCTES, 1.4 – 4.2 g) was added to the mixture and the mixture was reacted at 40 
o
C for 24 h. 
The crude of (3-mercaptopropyl)silane-modified Fe3O4 (Fe3O4-MCTES) NPs were purified 
by repeated magnetic separations and decantations with ethanol for 5 times. 
B) ATRP of GMA 
149 
Immediately before usage, GMA was pretreated to remove inhibitor (monomethyl 
ether hydroquinone) inside by passing through basic alumina.  
GMA (5.70 g, 40 mmol.), diphenyl ether (8.54 g) and PMDETA (10.5 – 84 µL, 0.05 - 
0.4 mmol.) were placed to a round bottom flask to give a final 40 wt. % of monomer content. 
The mixture was treated by 3 freeze-evacuation-thaw cycles to remove the dissolved gas. 
After treatment, the flask was filled with argon gas.  On the other hand, Cu(I)Br (7.2 – 57.6 
mg, 0.05 - 0.4 mmol.) and a magnetic stirrer bar were placed in a dry schlenk reaction tube. 
The tube was evacuated and then purged with argon for 3 cycles to remove oxygen. Next, the 
monomer mixture was transferred to the argon filled schlenk tube using a syringe. The 
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reaction mixture was magnetically stirred in a constant speed for 5 min at different 
temperatures. The initiator ethyl α-bromoisobutyrate (EBrIB, 7.4 – 59 µL, 0.05 - 0.4 mmol.) 
was charged to the mixture and the ATRP reaction was started. After 30 min, the reaction 
mixture was immediately diluted with proper amount of CHCl3 and was precipitated with 
large excess of n-hexane (about 10 times of the volume of the diluted crude product). After 
being dried under vacuum, the solid was dissolved in suitable amount of CHCl3 and was 
passed through neutral alumina to remove the metal.  Then, the volume of the polymer 
solution was reduced by rotary evaporation under reduced pressure. The solution was 
precipitated again with large excess of n-hexane. Finally, the solid was dried overnight under 
vacuum.  
In order to remove the monomer trapped in the PGMA, soxhlet extraction was carried 
out. The dried PGMA was placed in a thimble inside a soxhlet extractor and was washed with 
hexane under reflux for 1 day followed by methanol under reflux for 2 days.   
C) Covalent attachment of PGMA onto Fe3O4-MCTES surface 
Purified PGMA solid (0.1 – 1.0 g) was dissolved in 5 mL of CHCl3. Purified Fe3O4-
MCTES NPs ethanol dispersion (5 mL, 20 mg / mL, containing 0.1 g solid) and PGMA 
solution were mixed and mechanically stirred in a 2-necked round bottom flask at room 
temperature for 10 min. Another 2.5 mL of CHCl3 was charged to the mixture to give a final 
solvent ratio of 3:2 (v/v) of chloroform-to-ethanol. The mixture was reacted for further 2 h at 
40 
o
C. After reaction, the crude PGMA-modified Fe3O4 (Fe3O4-gt-PGMA) NPs were washed 
by repeated magnetic separations and decantations with CHCl3 for 5 times.      
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4.3.  Formation of polymeric magnetic nanocomposites 
4.3.1.  Coating of NP on UHMW PE fabrics 
The ultra-high molecular weight polyethylene (UHMWPE) yarns and woven fabrics 
were treated with atmospheric pressure plasma, which was performed by Mr. Matthias 
Bartusch (ITM, TUD). 
4
 
The PGMA- or OA-modified NP dispersion was dropped onto the surface of the 
plasma treated UHMWPE yarns or textiles. The weight ratio of NP-to-fiber was varied from 
1:100 to 1:20. The fibers were air dried. After that, they were washed with Milli-Q water and 
were placed under vacuum for 1 day at room temperature for water evaporation.  
4.3.2.  Blending of NPs with epoxy resin 
NP dispersion (3.33 mL, SC 15 mg / mL) was mixed with bisphenol A diglycidylether 
(BADGE, 5.00 g, epoxy equivalent 170 g / equiv.) resin. The mixture was mechanically 
stirred constantly for 3 min. Next, the solvent (chloroform or toluene) was removed by 
reduced pressure rotary evaporation at 50
o
C until the weight of the mixture was reduced to a 
constant value. Then, EPH 161 hardener (1.309 g, amine equivalent 44.5 g / equiv.) was 
added followed by mechanical stirring for another 5 min. The mixture was transferred to a 
PVC or Teflon mold. The air bubbles generated were removed by placing the sample in a 
vacuum oven at room temperature for 1.5 h. Finally, the sample was cured under 60 
o
C for 15 
h to form the final magnetic epoxy nanocomposites (MENCs).  
4.3.3.  Formation of composite by blending of NP coated fabrics with epoxy resin  
BADGE (5.00 g) and EPH 161 hardener (1.309 g) were blended by mechanical 
stirring for 5 min. The mixture was poured into a Teflon mold. Then, the NPs coated yarns or 
woven fabrics prepared as described in Section 4.3.1 were soaked and immersed into the 
mixture. The air bubbles generated were removed by placing the sample in a vacuum oven at 
room temperature for 1.5 h. Finally, the sample was cured under 60 
o
C for 15 h.  
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4.4. Characterization 
4.4.1.  Surface charge measurements by zeta-sizer 
Surface charges of the bare Fe3O4 NP were measured by Zetasizer Nano ZS (Malvern 
Instruments, Malvern, UK). The purified Fe3O4 NP water dispersion was diluted to 300 ppm 
with Milli-Q water and 0.5 mM NaCl solution, respectively, and was treated in ultrasonic bath 
for 10 min prior to measurements. The pH values were adjusted from 3 to 11 by an 
autotitrator during measurements and the zeta potentials were measured. The hydrodynamic 
diameter of the NPs were also measured but were only approximations.  
4.4.2.  Particle size and size distribution by dynamic light scattering (DLS) 
The hydrodynamic diameter and size distribution of the bare and surface modified 
Fe3O4 NPs dispersed in different solvents were measured using Zetasizer Nano-S (Malvern 
Instruments, Malvern, UK). All samples were diluted to 100 ppm with the original solvents 
and were ultrasonically treated for 5 min prior to measurements. The measurements were 
carried out at 20 °C at a fixed angle of 173°. Each of the samples was measured 3 times and 
the average value was reported.  
4.4.3. Fourier transform infrared spectroscopy (FTIR) 
The functional groups of the bare and modified Fe3O4 NPs were investigated by Vertex 
80c FTIR spectrometer (Bruker, USA). The samples were analyzed directly using attenuated 
total reflectance or pre-treated with KBr pressing (by mixing the NPs with KBr powder). The 
absorption between 4000 – 400 cm
-1
 was scanned. The pure surface modification agents, i.e. 
OA, BIBB, MCTES and PGMA, were also investigated for comparison. After measurements, 
the spectra were processed with baseline correction and subtraction of KBr absorption. 
4.4.4. Structural crystallography by wide-angle X-ray scattering (WAXS) 
The crystal patterns of bare and modified Fe3O4 NPs were analyzed by XRD 3003 
Diffractometer system (GE Sensing & Inspection Technologies, USA).  
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4.4.5. Compositions by TGA or SEM-EDX 
The compositions of the OA-modified and PGMA-modified Fe3O4 NPs were 
determined by Q5000 thermogravimetric analyzer (TA Instruments, USA). The purified NPs 
were dried under vacuum overnight. The exact amounts of NP solids were placed in a sample 
pan and were sealed. During measurements, the temperature was increased from 25 °C to 900 
°C with the heating rate of 10 °C/min under N2 atmosphere and the masses of the samples 
were weighed.  
The concentration of the surface functional groups of Fe3O4-BIB and Fe3O4-MCTES 
NPs were detected by Ultra Plus scanning electron microscope (Carl Zeiss, Germany) 
equipped with XFlash
®
 Annular QUAD Detector (series 5060F) of energy dispersive X-ray 
spectrometer (SEM-EDX; Bruker, USA). For sample preparation, one drop of the NP 
dispersion was dropped onto a clean silicon wafer. The NP dispersion was allowed to dry in 
air at room temperature. The dropping and drying processes were repeated once or twice to 
obtain an appropriate thickness for EDX detection. The mole ratio of Fe/Br of Fe3O4-BIB NPs 
and mole ratio of Fe/S of Fe3O4-MCTES NPs were detected. The calculation steps were 
demonstrated in Appendix II and III respectively. 
4.4.6.  Particle morphology by TEM 
The purified bare and surface modified NPs were observed for their morphologies and 
nanostructure using LIBRA 120 transmission electron microscope (Carl Zeiss, Germany). All 
samples were diluted to 100 ppm with their dispersing solvents followed by 5 min ultrasonic 
treatment. The sample was added to a carbon-filmed copper grid (300 mesh) and was air 
dried.  
4.4.7.  Magnetization study by VSM 
The saturation magnetizations of the bare, surface modified Fe3O4 NPs and NP-
blended epoxy were studied by vibrating sample magnetometry (VSM) for the physical 
property measurement system (Quantum Design, USA). For sample preparation, exact 
amount of dry NP powder (about 7 – 15 mg) was placed in a plastic holder and was sealed. 
For the NP-blended epoxy, a small piece of solid (20 – 40 mg) was cut and the exact mass 
was weighed.  The measurements were conducted in 300 K with external magnetic field 
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ranging from -4 x 10
4
 to 4 x 10
4
 Oersted (Oe). For each measurement, the sample was 
magnetized to the maximal magnetic field first. Both the magnetic moments of decreasing 
magnetic field from maximum to minimum and those of increasing field from minimum to 
maximum were recorded. In the effect study of temperature on superparamagnetism, the 
measurements were conducted in 10 K, 100 K and 200 K, respectively.  
The measurements were conducted in Leibniz Institute for Solid State and Materials 
Research in Dresden (IFW Dresden) and part of the samples were measured by Dr. Volker 
Neu.  
4.4.8. NP distribution on fibers / woven fabrics surface by SEM 
Several individual threads of the NP-coated yarn or woven fabrics were taken out and 
mounted onto a silicon wafer. After that, the specimen was coated with a thin layer of 
platinum to a depth of 3 nm under vacuum. The fiber surface was observed under an Ultra 55 
plus field emission scanning electron microscope (Zeiss, Germany) SEM microscope.   
4.4.9.  NP distribution in epoxy resin by TEM 
After curing, a thin layer of about 100 nm thick of the NP-blended epoxy was cut and 
placed onto a carbon-filmed copper grid for TEM observation. The microscope used was the 
same as that mentioned in Section 4.4.6. 
4.4.10. Chemical structure by 1HNMR 
The chemical structure of GMA as well as the structure and molecular weight of 
PGMA polymers synthesized were analyzed by Avance III 500 NMR spectrometer (Bruker 
Biospin, Germany) operating at 500.13 MHz for 
1
H NMR. Deuterated chloroform (CDCl3) 
was used as the solvent. For measurements, 10 mg of the polymer was dissolved in 0.5 mL 
CDCl3.  
4.4.11. Molecular weight by GPC 
The molecular weight of PGMA was analyzed by 1620 Infinity gel permeation 
chromatography system (Agilent Technologies, USA) with Resipore main column, refractive 
index detector and polystyrene calibration standard. For measurements, 4 mg of the polymer 
was dissolved in 2 mL of CHCl3.  
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4.4.12. PGMA end group analysis by matrix-assisted laser desorption/ionization in 
conjunction with time-of-flight mass spectroscopy (MALDI-TOF MS)  
The end group analysis of PGMA was performed by an Autoflex Speed TOF/TOF 
system matrix assisted laser desorption/ionization in conjunction with time-of-flight mass 
spectroscopy (MALDI-TOF MS, Bruker, Germany). The measurements were carried out in 
linear mode and positive polarity by pulsed smart beam laser. An ion acceleration voltage of 
20kV was used. For the sample preparation, the polymer was mixed with dithranol (matrix) 
and sodium trifluoroacetate (salt) dissolved in CHCl3.   
4.4.13. Nondestructive flaw detection by eddy current testing (ET) 
The changes of magnetic reluctance and C-scan images of MENCs were scanned by 
ELOTEST B1 V4 eddy-current test instrument (Rohmann, Germany) with AN 16 absolute 
probe sensor (Federal Institute for Materials Research and Testing, Germany) and 300 kHz of 
testing frequency. The measured data point distance is 0.2 mm. The mesaurements were 
conducted by Mr. Rainer Pohl.  
4.4.14. Mechanical tests by dynamic mechanical analysis (DMA) 
The dynamic mechanical properties of the MENCs were studied by a Areas G2 
dynamic mechanical analyzer (TA, USA) using the tensile mode at a fixed strain of 0.05% 
and frequency of 1 Hz from −120 to 170 °C. 
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5. Results and discussions 
5.1. Non-modified magnetite nanoparticles (Fe3O4 NPs) 
The magnetite nanoparticles (Fe3O4 NPs) were synthesized by coprecipitation of ferric 
and ferrious chloride in alkaline medium. The detailed synthesis of the nanoparticles has been 
described in Section 4.2.1. In this section, the surface functional groups will be verified by 
surface charges analysis, FTIR spectroscopy and thermogravimetric analysis. Physical 
properties, including particle sizes in both dispersion form and dried state, X-ray diffraction 
pattern, particle morphology as well as magnetic property, will also be evaluated.   
Reaction   
The Fe3O4 NPs were synthesized by coprecipitation of iron (II) and iron (III) chlorides 
based on the method reported by Rubio-Retama et al.
209
 and Zhang et al.
210
 with some 
modification. The chemical reaction of formation of Fe3O4 NPs is shown in Equation 5.1. Iron 
(III) chloride and iron (II) chloride were mixed in molar ratio of 2 to 1. The measured pH 
value of the solution was about 2. When ammonium hydroxide was added slowly, the pH of 
the solution increased. The solubility of iron ions decreased and they were precipitated out as 
iron oxide with the formation of ammonium chloride as by-product. The oxidation state of the 
resultant iron oxide nanoparticles is between 2 and 3. The calculated oxidation state of this 
mixture is 2.67
 
although it does not exist practically.  
2 FeCl3(aq) + FeCl2(aq) + 8 NH4OH    Fe3O4(s)  + 4 H2O + 8NH4Cl(aq)  
(Equation 5.1) 
The precipitation is divided into 2 steps to produce fine, small crystalline NPs.
211
 
Firstly, a more diluted 0.5 M NH4OH was added and the pH of the solution was maintained at 
about 6 for 30 min for NP nucleation. Then a more concentrated 1M NH4OH was added for 
particle growth. The final pH is about 10. Finally, the reaction temperature was increased to 
70 
o
C to facilitate complete precipitation of most of the iron ions.  
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Surface charges  
The surface charges and approximations of hydrodynamic diameters of the Fe3O4 NPs 
as a function of pH were measured by Zeta-Sizer. The NPs were dispersed in Milli-Q water 
and 0.5 mM NaCl solution, respectively, and the two dispersing media give similar results. 
Figure 5.1 shows that for both dispersing media, the NPs exhibit higher positive surface 
charge density, i.e. zeta (ζ) potential, of above +30 mV in acidic environment (pH 3 – 5) with 
minimal NP aggregation (hydrodynamic diameter, Zave in abbreviation, close to zero). As the 
pH of the media increases, the ζ potential decreases and reaches zero net charge at about pH 8 
with the most severe NP aggregation, indicated by the over 6000 nm of Zave between pH 7 – 
9. For further increase of basicity from pH 8 to 11, the ζ potential decreases gradually to about   
-30 mV and the NPs become less aggregated that the Zave is reduced to about 700 nm. Based 
on Figure 5.1, the zero point of charges (zpc)
 212
 of Fe3O4 NPs in water and NaCl solution are 
at pH 8.1 and pH 7.7 respectively.  
 
Figure 5.1. Zeta (ζ) potential ( ◆  or ●) and approximation of hydrodynamic diameters (Zave) (
◇  or○) of Fe3O4 NPs as a function of pH from 3 to 11 in Milli-Q water (blue diamonds) and 
0.5 mM NaCl solution (red circles).  
The results of Figure 5.1 confirm the presence of hydroxyl groups at the NP surface. 
The positive surface charge at acidic pH is due to the protonation of the hydroxyl groups to 
form –OH2
+
 groups. Whereas, the net zero and negative surface charges are because of the 
neutral hydroxyl groups (–OH) and deprotonation of –OH groups to form –O
-
 groups, 
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respectively. 
213
 In addition, the zpc of about pH 8 also matches the literature value of 
magnetite NPs 
214
 and hydroxyl group.  
Qualitative composition  
The presence of surface hydroxyl groups is also confirmed by FTIR spectroscopy. The 
FTIR absorption spectrum of the bare Fe3O4 NPs is displayed in Figure 5.2. The characteristic 
band at about 590 cm
-1
 is due to the Fe-O vibration. The broad band at about 3400 cm
-1
 is 
contributed by the O-H stretching of the surface hydroxyl groups or water molecules adsorbed 
at the NP surface.  
 
Figure 5.2. FTIR absorption spectrum of Fe3O4 NPs. 
Quantitative Composition  
The quantitative compositions of the unmodified Fe3O4 NPs were studied by 
thermogravimetric analysis (TGA). Figure 5.3 illustrates the TGA thermogram of the 
unmodified Fe3O4 NPs. The first 2.1% weight loss below 140 
o
C is because of evaporation of 
water or solvent (acetone) molecules.  The second 1.0% weight loss between 150 – 400 
o
C is 
the due to the removal of surface hydroxyl group of the NPs. The final 0.4% weight loss 
between 550 – 800 
o
C is still unknown. The residue 96.5 % is regarded as the Fe3O4 content 
of the unmodified Fe3O4 NPs. This value will be used in the following parts.  
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Figure 5.3. TGA thermogram of Fe3O4 NPs. Weight loss (solid line) and derivative weight 
loss (dotted line) of Fe3O4 NPs as functions of temperature.  
Morphology and size 
The morphology of the bare Fe3O4 NPs in dried state was observed by transmission 
electron microscopy (TEM) and the micrographs are illustrated in Figure 5.4. The NPs are in 
grain form but not perfectly spherical. Based on the scale bar, the individual NP grains are 
about 8 – 24 nm in diameter. But the NPs aggregate to form clusters. Fe3O4 itself is easy to 
sediment because of its relatively large density (5.18 g/cm
3
). Since the NPs are weak in 
surface charge, they attract one another by van der Waals forces and form clusters. The NP 
cluster diameter measured by TEM is larger than the value measured by DLS. This is because 
TEM observes the dried NPs while DLS measures the NPs in dispersion form. The NPs can 
further aggregate during the drying process. 
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Figure 5.4. TEM micrographs of bare Fe3O4 NPs in dried state, prepared as described in 
Section 3.4.6. 
Size in dispersion  
The hydrodynamic diameter (Zave) of the bare Fe3O4 NP clusters was measured by 
dynamic light scattering (DLS). The NPs were dispersed in Milli-Q water. The measured pH 
value of the purified NPs is about 9.0. The measured Zave and polydispersity index (PDI) in 
water are 146 nm and 0.25, respectively. Alternatively, the NPs can also be dispersed in 
ethanol with higher stability and lower degree of aggregation than those in water. The 
measured Zave and PDI in ethanol are 134 nm and 0.12 respectively. Zave is the average 
diameter of the NPs in colloidal state or dispersion form while PDI indicates the size 
distribution. PDI varies from 0 to 1.00. The smaller the PDI value, the narrow the size 
distribution is. The NPs can also be dispersed in acetone but precipitate down within 1 hour, 
which makes the Zave and PDI values not consistent and therefore not representative to be 
considered.  
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a) b)  
Figure 5.5. Overview of particle size of Fe3O4 NPs measured by DLS. a) Statistical size 
distribution by intensity of bare Fe3O4 NPs as a function of diameter at pH 9.0 in water 
medium (green) and in ethanol (red). b) The mean values and percentages of the peaks. 
Figure 5.5 shows that the bare Fe3O4 NP clusters have two size distributions by 
intensity at pH 9 environment. The vast majority (98%) of the NP clusters has a mean 
diameter of 179 nm while little of them (about 2%) form large aggregates. This is because the 
surface charge at pH 9 is not very high (ζ potential about -15 mV, refer to Figure 5.1). 
Comparatively, the NP clusters in ethanol have similar mean diameter by intensity with only 
one and narrower size distribution. Compared with the size of 8 – 24 nm in dried state 
measured by TEM, it can be seen that the NPs are under certain degree of aggregation in 
dispersion form. Though the aggregation is not very serious, further surface modification is 
required because the surface charge is not high enough to maintain long term stability. By 
observation, the NPs completely precipitated out from the dispersing medium (water) after 
one week. Moreover, the hydrophilic hydroxyl groups have to be replaced by other functional 
groups which are more compatible in epoxy resins and organic media.  
X-ray diffraction 
Figure 5.6 shows the X-ray diffraction (XRD) pattern of the synthesized Fe3O4 NPs 
and compares it with the pattern of the database of cubic magnetite given by JCPDS 
International Center for Diffraction Data. The two patterns are very similar in lattice spacing 
and relative intensity except the scattering peak at 37.05
o 
is absent. It verifies the successful 
synthesis of Fe3O4 instead of other kinds of iron oxides. The absence of the peak at 37.05
o
 is 
believed to be due to that the theoretical relative intensity is low and cannot be seen due to the 
small signal-to-noise ratio as well as the amorphous scattering background.  
- 71 - 
 
 
Figure 5.6. Comparison of XRD pattern of synthesized Fe3O4 NPs (blue, y-axis at left hand 
side) with the database of cubic magnetite [file 19-629 of the database of JCPDS International 
Center for Diffraction Data] (black, y-axis at right hand side) with corresponding (hkl) (box). 
The crystal size of the NPs was calculated by the Scherrer formula 
215
 (Equation 5.2).  
L = λκ / βcosθ …………………………….………………… (Equation 5.2) 
where L is the mean crystal size dependent on (hkl); λ is the X-ray wavelength; κ is 
the shape factor; β is the line broadening at half of the maximum intensity (HWB) and θ is the 
Braff angle.  
The calculated value of primary particles is 10.7 nm. It was similar to the value of 8 – 
24 nm measured in TEM micrographs. However, since the noise is relatively large, the value 
of the crystal size serves as a reference only. (Scherrer formula calculates the smallest 
crystal.) 
Magnetization   
The magnetic properties of Fe3O4 NPs were determined by vibrating sample 
magnetometry (VSM). Figure 5.7 illustrates the magnetization-magnetic field (M-H) loop of 
Fe3O4 NPs. The upward and downward curves highly overlap with each other. A very little 
deviation of about 10 Oe can be seen only when the graph is in very high amplification. 
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Especially one of the curves passes through 0 emu/g when the applied field is at 0 Oe. This 
negligible hysteresis verifies the superparamagnetic behavior of the NPs. Superparamagnetic 
behavior normally happens in nano-sized counterparts with diameter below 26 nm at 300K. 
40
 
Though the particle size of the synthesized Fe3O4 NPs  in dispersion is about 146 nm, the 
individual particle diameter in dried state is about 8 – 24 nm. Therefore, the finding of this 
superparamagnetic behavior is consistent with literature.  
 
Figure 5.7. Magnetization-magnetic field (M-H) curve of unmodified Fe3O4 NPs through 
VSM. 
A typical S-shaped reversible loop can also be observed in Figure 5.7, in which the 
magnetic moments tend to align along the applied field. The assembly of the NPs is 
magnetized and the magnetization is saturated at 76.8 emu/g (Ms). The literature values of 
bare magnetite NPs vary from 42 to 94 emu/g dependent on the particle size. 
40,216,217
 The 
values are lower than those of the bulk counterparts, which are in the range of 92 – 100 
emu/g. 
9,22
 Yamaura reported that the decrease of Ms of the nano-sized particles compared 
with bulk ones is related to the magnetically inactive substances at the surface of particles, 
such as surface hydroxyl groups.
39
 It is also believed that the particles have very high ratio of 
surface area-to-volume and are easier to be oxidized than the bulk ones. 
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Summary 
In summary, the bare Fe3O4 NPs could be successfully synthesized. The composition 
of magnetite was confirmed. The NPs contained surface hydroxyl groups, which can be 
functionalized by surface modification. The existence of iron oxide in the form of Fe3O4 was 
confirmed by XRD. By TEM observation, the particle size of individual nanoparticles 
(crystals) was about 8 – 24 nm. However, the NPs have certain degree of aggregation and 
form clusters with hydrodynamic diameter of about 134 nm in ethanol. The NPs exhibited 
superparamagnetism at room temperature and had a saturation magnetization of about 77 
emu/g. In the next step, several kinds of surface modifications were performed to reduce NP 
aggregation and promote compatibility in organic media and epoxy resin.  
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5.2. Oleic acid-modified magnetite (Fe3O4-OA) NPs 
Fe3O4 NPs were surface modified with oleic acid (OA), which is a very common 
surfactant. Detailed synthesis of the nanoparticles has been described in Section 4.2.2. In this 
section, the reaction will be illustrated and OA added concentrations will be studied. Surface 
functional groups will be verified by FTIR and TGA. Physical properties, including particle 
sizes in both dispersion form and dried state, particle morphology as well as magnetic 
property will also be evaluated. 
Reaction  
The hydrophilic nature of the Fe3O4 NPs is contributed by the surface hydroxyl 
groups. During stirring, the oleic acid and Fe3O4 NPs, present in the two immiscible layers, 
meet each other. The OA molecules are physically adsorbed onto the NP surface by H-
bondings between the carboxylic groups (-COOH) of OA molecules and the -OH groups on 
NP surface to form the OA-modified Fe3O4 NPs (Fe3O4-OA NPs, Illustrated in Figure 5.8). 
The NP surface becomes hydrophobic and the NPs migrate from water phase to organic 
phase. However, not all NPs are stable in organic phase. A portion of the NPs precipitate out.  
 
Figure 5.8. Illustration of interaction (H-bondings) between Fe3O4 NP and oleic acid (OA) 
molecules.  
Qualitative composition  
The functional groups of the Fe3O4-OA NPs were verified by FTIR. The FTIR 
spectrum of the Fe3O4-OA NPs was compared with those of the pure OA and the unmodified 
Fe3O4 NPs and they are displayed in Figure 5.9. The presence of the characteristic peaks of 
both pure OA and Fe3O4-OA NPs at 2924 and 2854 cm
-1
 are due to C-H stretching and the 
bend at 1450 – 1400 cm
-1
 is due to the C-H bending. However, the small peak of pure OA at 
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3006 cm
-1
, which is due to alkene =C-H stretching, is too small to be observed in that of the 
OA-Fe3O4 NPs. The disappearance of the carboxylic acid C=O stretching peak at 1711 cm
-1
 
of Fe3O4-OA NPs indicates that there is no free OA molecule. Whereas, the appearance of the 
shoulder peak of Fe3O4-OA NPs at 1550 - 1500 cm
-1
 discloses complex formation between 
the carboxylate of OA and Fe3O4 NPs. 
218
 Hence, surface adsorption of OA of the Fe3O4 NPs 
is testified.  
 
Figure 5.9. FTIR spectra of Fe3O4-OA NPs (green), unmodified Fe3O4 NPs (black) and pure 
oleic acid (orange). 
Quantitative compositions 
The weight percentage of OA adsorbed on the surface of the Fe3O4 NPs was 
determined by TGA. Figure 5.10 compares the TGA thermograms of the Fe3O4-OA NPs 
(sample ID FO15) with the pure OA and bare Fe3O4 NPs from about room temperature to 800 
o
C. The pure OA decomposes at about 250 
o
C and is fully decomposed at 270 
o
C. Compared 
to the pure OA, the Fe3O4-OA NPs have a higher main decomposition temperature of about 
360 
o
C (range 200 – 400 
o
C), which indicates that the OA is adsorbed but not in free state. 
This weight loss due to the presence of OA is 11.0%. In addition to the main decomposition 
peak, the Fe3O4-OA NPs also have 2 small weight losses of 1.2% and 0.4% at <100 
o
C and at 
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about 600
 o
C, respectively. The weight loss below 100 
o
C is due to the solvent evaporation 
(toluene) while that at 600 
o
C is unknown. The residue of 87.4 % is regarded as the Fe3O4 
content of the Fe3O4-OA NPs.  
 
Figure 5.10. TGA thermograms of Fe3O4 NPs (black), OA (orange) and Fe3O4-OA NPs 
(green). Weight loss (solid line) and derivative weight loss (dotted line) as functions of 
temperature. 
Morphology  
The morphologies of the bare Fe3O4 NPs and Fe3O4-OA NPs in dried state were 
observed by TEM and the micrographs are compared in Figure 5.11. Similar to the bare NPs, 
the Fe3O4-OA NPs are in grain form but not perfectly spherical. Based on the scale bar, the 
individual NP grains are between 8 – 21 nm in diameter. In addition, the NPs aggregate to 
form clusters (Figure 5.11, right).  
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Figure 5.11. Comparison of TEM mircographs of bare Fe3O4 NPs (left) and Fe3O4-OA NPs 
(right) in dried state, prepared as described in Section 3.4.6. 
Particle size and size distribution in dispersion 
After surface modification with oleic acid, the particle size of the Fe3O4 NP clusters is 
significantly reduced but the size distributions vary in different solvents. The Zave of the bare 
Fe3O4 NP clusters in water and ethanol are 146 nm and 134 nm, respectively. Whereas, those 
of the Fe3O4-OA NP clusters in toluene and hexane are reduced to 56 nm and 27 nm, 
respectively.  The PDI of the bare Fe3O4 NP clusters in water and ethanol are 0.25 and 0.12, 
respectively. The PDI of the Fe3O4-OA NP clusters in toluene is 0.18, which is larger than 
that in ethanol but smaller than that in water. However, the PDI of the Fe3O4-OA NP clusters 
in hexane is much wider (0.45). The size distribution by intensity of those NP clusters are also 
shown in Figure 5.12. The Fe3O4-OA NP clusters in toluene have a smaller size but slightly 
broader distriution than the unmodified ones. However, the Fe3O4-OA NP clusters in hexane 
showed two broad size distributions, with mean diameters about 10 nm and 150 nm, 
respectively.  
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a)    
b)  
Figure 5.12. Statistical size distribution by intensity of bare Fe3O4 NPs dispersed in ethanol 
(red), Fe3O4-OA NPs dispersed in toluene (blue) and dispersed in hexane (green). b) The 
mean values and percentages of the peaks. 
Comparing the long term stability of the NPs in the two solvents, the Fe3O4-OA NPs 
are more stable in toluene than in hexane. This is because although the NPs in both solvents 
showed smaller particle sizes by DLS measurements, the NPs hexane dispersion sedimented 
after 1 day while the NPs toluene dispersion remined in one phase over months by 
observation. It is possible that both oleic acid and toluene contain C=C group but hexane does 
not have. So, the compatility of OA is higher in tolene. The particle sizes of both kind of the 
Fe3O4-OA NPs are smaller after OA modification. This means that the presence of OA can 
stabilize the NPs in dispersion form. However, reduction of size distribution cannot be 
obtained after OA modification. The PDI in hexane is even much higher. In addition, not all 
of the NPs can be transferred from water phase to organic phase. By drying and weighing the 
NPs, about 40% of the NPs are still in the water phase. This indicates that the process of H-
bonding formation is not completely smooth. In the process of stirring, some of the Fe3O4 
NPs can adsorb sufficient amount of OA to gain high compatibility in the organic solvents 
and certain degree of disassembly of the clusters. Another portion of the Fe3O4 NPs form 
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larger aggregates because they are imcompatible in the organic solvents. However, they can 
also be dispersed in the organic solvents due to the presence of the surface OA. For the rest of 
the NPs, which are still at water phase, the degree of aggregation is too large and the amount 
of surface OA is too less to give compatibility to the NPs in organic phase. In addition, the 
OA molecules can also stay at the water/organic solvent interface instead of being adsorbed 
on NP surface. Therefore, it is not a very efficient way for surface modification.  
Effect of OA added  
In order to increase the amount of the NPs which are compatible or can be dispersed in 
the organic phase, the amount of OA added for surface modification was increased and the 
OA content was studied. The weight ratios of OA/Fe3O4 NP were increased from 10:1 to 15:1, 
20:1 and 30:1, respectively. The OA contents and Fe3O4 contents of the resultant Fe3O4-OA 
NPs are summarized in Table 5.1.  
Table 5.1. OA and Fe3O4 contents of resultant Fe3O4-OA NPs prepared with different 
weight ratio of Fe3O4 NPs and OA. 
Sample ID 
Weight ratio of 
OA:NP added 
OA content (wt. %) 
Fe3O4 content (wt. 
%) 
FO10 10:1 10.0 84.2 
FO15 15:1 11.4 87.4 
FO20 20:1 11.5 86.6 
FO30 30:1 10.3 88.2 
 
Based on Table 5.1, the weight contents of OA of the resultant Fe3O4-OA NPs 
increase very slightly from 10 % to about 12% when the amount of OA added is doubled. A 
further increase of OA added, unexpectedly, resulted in a very slight decrease back to about 
10%. This indicates that the Fe3O4 NP surface is almost saturated when about 10 – 12% of 
OA is adsorbed to its surface. Hence, further increase of charged OA has no effect on OA 
content.  
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Magnetization (these data are shared with Mr. Matthias Bartusch, TU Dresden, partner 
of ECEMP)  
The magnetic properties of Fe3O4-OA NPs were determined by VSM. Figure 5.13 
shows the M-H curves of both Fe3O4 NPs and Fe3O4-OA NPs (Sample ID FO20). Similar to 
the bared NPs, the upward and downward curves of the OA-modified NPs highly overlap 
with each other, even though the graph is in very high amplification. The absence of 
hysteresis verifies the superparamagnetic behavior of the NPs.  
The Fe3O4-OA NPs (sample ID FO20) have a Fe3O4 content of 86.6%. The Ms value 
of the Fe3O4 NPs is 76.8 emu/g while that of the Fe3O4-OA NPs is reduced to 67.4 emu/g, 
which is closed to the theoretical value of 68.9 emu/g calculated based on the NPs’ Fe3O4 
content (Refer to Appendix IV). 
 
Figure 5.13. M-H curves of unmodified Fe3O4 NPs and Fe3O4-OA NPs (sample ID FO20) 
through VSM. 
Temperature dependent magnetization behavior is an important characteristic of 
superparamagnetic materials. Therefore, the effect of temperature on magnetization was 
investigated. Figure 5.14 shows the M-H curves of the same Fe3O4-OA NPs measured at 10 
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K, 100 K and 200 K, respectively, also by VSM. The hysteresis loop is the largest at 10 K 
(500 Oe) and becomes smaller at higher temperature. And there is no hysteresis at room 
temperature (Figure 5.14). So, it can be proved that the Fe3O4 based NPs are 
superparamagnetic at room temperature but ferrimagnetic at low temperature.  
 
Figure 5.14. Comparison of M-H curves of Fe3O4-OA NPs (sample ID FO20) at 10 K (blue), 
100 K (purple) and 200 K (orange). (Hysteresis: 10 K = 500 Oe; 100 K = 80 Oe; 200 K = 15 
Oe) 
Summary 
In summary, the Fe3O4 NPs were successfully surface modified with oleic acid to form 
Fe3O4-OA NPs. The Fe3O4-OA NPs contained 10 – 12% of OA bound by H-bonding. After 
OA-modification, the size of the NP clusters in dispersion form was significantly reduced but 
the size distribution also became broader. The Fe3O4-OA NPs had a higher long term stability 
in toluene than in hexane. The NPs exhibited temperature-dependent superparamagnetism and 
were superparamagnetic at room temperature with saturation magnetization of about 67 
emu/g. Though the NP size in dispersion form was very small, the method used was not 
efficient to stabilize all of the Fe3O4 NPs. Therefore, other surface modification methods have 
been explored in the following parts.  
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5.3. PGMA-modified Fe3O4 NPs by grafting-from approach (Fe3O4-gf-
PGMA NPs) 
Fe3O4 NPs have been surface modified with poly(glycidyl methacrylate) (PGMA) by 
grafting-from approach. Detailed synthesis of the nanoparticles was described in Section 
4.2.3. In this section, the reaction will be illustrated. In addition, the reaction conditions, 
including temperature, time, initiator-to-monomer ratio as well as particle content, will be 
optimized. Surface functional groups will be qualified by FTIR and quantified by SEM-EDX 
and TGA. Physical properties, including particle sizes in both dispersion form and dried state, 
X-ray diffraction pattern, particle morphology as well as magnetic property will also be 
evaluated.  
Reaction  
Firstly, the NPs were functionalized with 2-bromoisobutyryl group to bind initiators 
on NP surface. Then, PGMA chains were grown from it via SI-ATRP. 
The bare Fe3O4 NPs were surface modified with α-bromoisobutyryl bromide (BIBB) 
in the presence of trimethylamine (TEA) to form Fe3O4-BIB NPs surface-initiators for ATRP. 
The mechanism of esterification reaction between Fe3O4 NP and BIBB is shown in Scheme 
5.1. Normally, small –OH group-containing molecules, such as ethanol, undergo rapid 
nucleophilic substitution reaction with acyl halide by esterification. However, lacking of 
electron donating group and being bound at the NP surface, the surface –OH groups are not 
electronegative enough and are too bulky for nucleophilic attack. Therefore, TEA was added 
as a base to deprotonate the hydroxyl groups at NP surface (Scheme 5.1a). The deprotonated 
–O
-
 group act as a nucleophile to attack the electron deficient acyl C atom of BIBB (Scheme 
5.1b). The C=O double bonds is reformed to give Fe3O4-BIB NP surface-initiator while the Br 
is left as a leaving group and forms bromide salt with trimethylammonium ion (Scheme 5.1c).  
Fe3O4 NPs have better stability in hydroxyl groups containing solvents, such as water 
and ethanol. However, these also participate in the reaction. Although the stability of Fe3O4 
NPs in anhydrous acetone is not high, it was chosen as the solvent because it did not involve 
in the reaction. 
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a)  
b)  
c)  
Scheme 5.1. Mechanism of esterification reaction between Fe3O4 NP and α-bromoisobutyryl 
bromide (BIBB). 
After purification, the Fe3O4-BIB NPs serve as initiators of SI-ATRP.  PGMA chains 
are grown from it. Scheme 5.2 shows the mechanism of the reaction. The SI-ATRP is initiated 
by the homolytic cleavage of the carbon-halide bonding on surface of the Fe3O4-BIB initiator 
by the Cu
+
 ̶ Br/PMDETA complex (removal of Br from the Fe3O4-BIB NP) to generate an 
active radical (NP·) on the NP surface. The Cu
+
 goes to the higher oxidation state (Cu
2+
 ̶ 
Br2/PMDETA). The propagation process exists in equilibrium. In the presence of the 
metal/ligand complex, the propagating radicals (Fe3O4-PGMA·) are reversibly trapped in a 
deactivation process to form the Br-capped dormant species (Fe3O4-PGMA-Br) and the 
dormant species are activated to reform the growing centers. The active radicals propagate by 
progressive addition of monomer units when they are activated.  
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Scheme 5.2. Mechanism of surface-initiated atom transfer radical polymerization (SI-ATRP) 
of glycidyl methacrylate (GMA). 
 
Figure 5.15. Simplified chemical structure of Fe3O4-gf-PGMA NP, the desired product of SI-
ATRP. 
As shown in Figure 5.15, the desired product of the SI-ATRP has a Br end group on 
every PGMA chain end. It is living in nature and is able to have further polymerization.  
Since the polymerization reaction takes place on the NP surface, the NP surface has a 
high radical concentration even though CRP is used. Therefore, radical termination has a high 
possibility to take place. The effect of the termination on NP properties will be elaborated 
more in the following part of this section (Optimization of reaction conditions).  
Qualitative composition 
The functional groups of the Fe3O4-BIB NPs surface-initiators and Fe3O4-gf-PGMA 
NPs were verified by FTIR. Figure 5.16 compares the FTIR spectra of the Fe3O4-BIB NPs 
and Fe3O4-gf-PGMA NPs with those of the pure BIBB, PGMA and the unmodified Fe3O4 
NPs. The PGMA was synthesized by ATRP as described in Section 4.2.4. For the Fe3O4-BIB 
- 85 - 
 
NPs spectrum, the O-H stretching and Fe-O vibration bands at about 3400 cm
-1
 and 590 cm
-1
, 
respectively, which are also present in the unmodified NPs, can be observed clearly. In 
addition, the C-H stretching and H-C-H bending peaks at 2930 and 1462 – 1373 cm
-1
, 
respectively, are contributed by the BIB group. Hence, the presence of the BIB group can be 
verified. For the spectrum of Fe3O4-gf-PGMA NPs, the O-H stretching, Fe-O vibration, C-H 
stretching and H-C-H bending peaks can also be seen. In addition, the ester C=O, C-O and 
epoxide ring stretching peaks at 1729, 1150 and 1253 cm
-1
, respectively, confirm the presence 
of the PGMA.   
 
Figure 5.16. FTIR spectra of Fe3O4-BIB NPs (blue), Fe3O4-gf-PGMA NPs (red), BIBB (light 
blue), PGMA (pink) and unmodified the Fe3O4 NPs (black).  
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Quantitative composition  
The amount of BIB attached onto the Fe3O4 NPs surface was quantified by SEM-EDX 
and the EDX spectrum of the Fe3O4-BIB NPs is shown in Figure 5.17. The weight percentage 
of the BIB group is calculated based on the atomic molar ratio of Br to Fe. The calculation 
steps are demonstrated in Appendix II. In Figure 5.17, the molar ratio of Br:Fe of Fe3O4-BIB 
NPs (sample ID 5709) is 96.7: 3.3. By calculation, the weight percentage is 62 mg BIB / g 
NPs.  
 
Figure 5.17. SEM-EDX spectrum of the Fe3O4-BIB NPs (sample ID 5709). 
The weight percentage of PGMA grafted on the surface of the Fe3O4-BIB NPs was 
determined by TGA. Figure 5.18 compares the weight loss of the Fe3O4-BIB NPs and Fe3O4-
gf-PGMA NPs (sample ID FBG4729B) with synthesized PGMA and bare Fe3O4 NPs from 
about room temperature to 900 
o
C. For the thermogram of the synthesized PGMA, the weight 
loss at <100
 o
C is due to solvent evaporation while the PGMA decomposes at about 300 
o
C 
and fully decomposes at 450 
o
C. 
However, it is difficult to distinguish the weight contents of BIB and PGMA of the 
Fe3O4-gf-PGMA NPs because both Fe3O4-BIB NPs and Fe3O4-gf-PGMA NPs have similar 
decomposition patterns. Both have 2 main decomposition ranges at 200 – 400 
o
C and 600 – 
800
 o
C. Based on their TGA thermograms, the weight losses of Fe3O4-BIB NPs and Fe3O4-gt-
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PGMA NPs between 200 – 800
 o
C are 8.3% and 37.3%, respectively. The extra 29.0% weight 
loss of the Fe3O4-gf-PGMA NPs can be regarded roughly as PGMA content. From the EDX 
result, the BIB content was 6.2 wt. % which is similar to the TGA results. The weight 
remaining at 900 
o
C is the Fe3O4 content, i.e. 91.1% for Fe3O4-BIB NPs and 62.3% for Fe3O4-
gf-PGMA NPs. 
 
Figure 5.18. TGA thermograms of Fe3O4 NPs (black), Fe3O4-BIB NPs (green), PGMA 
(yellow) and Fe3O4-gf-PGMA NPs (red). Weight loss (solid line) and derivative weight loss 
(dotted line) as functions of temperature. 
Particle size and size distribution 
The particle sizes and size distributions of the Fe3O4-BIB NPs surface-initiators and 
Fe3O4-gf-PGMA NPs in dispersion form were also measured by DLS. After surface 
modification with BIBB, the Zave of the Fe3O4-BIB NPs is increased slightly from 134 nm to 
154 nm in ethanol medium due to the presence of the BIB layer at the NP surface. Oppositely, 
the PDI is decreased slightly from 0.12 to 0.11, indicating that the NP aggregation can be 
reduced to a certain extent and the modified NPs have higher uniformity than the unmodified 
ones in ethanol.  
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However, the sizes have quite obvious difference after further surface modification 
with PGMA by grafting-from approach. The Zave values of the Fe3O4-gf-PGMA NPs are 
increased but with different degree based on different reaction conditions and Fe3O4 contents. 
In general, the values vary from 176 to 643 nm and the effect of reaction conditions on 
particle size and size distribution will be evaluated below. Whereas, the size distributions of 
the Fe3O4-gf-PGMA NPs also vary from 0.05 to 0.19. The graphs of typical size distribution 
by intensity of bare and modified NPs with mean values and respective Fe3O4 contents of the 
PGMA-modified NPs are also shown in Figure 5.19. They show similar Zave values, but the 
width of the peaks of the PGMA-modified NPs are narrower than those of the bare and BIB-
modified counterparts. It can be said that NP cluster size reduction and NP stabilization can 
be achieved in some condition of SI-ATRP while NP aggregation becomes more serious in 
other conditions. Therefore, a series of reaction condition optimizations of the SI-ATRP was 
carried out to study their effects on particle size and size distribution.  
a)  
b)  
Figure 5.19. a) Statistical size distribution by intensity of bare Fe3O4 NPs in ethanol (black), 
Fe3O4-BIB NPs in anhydrous acetone (blue) and Fe3O4-gf-PGMA NPs in chloroform 
(FBG5919a, red and FBG4624c green) as a function of diameter. b) The mean values of the 
peaks and respective Fe3O4 contents of Fe3O4-gf-PGMA NPs. 
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X-ray diffraction pattern  
Figure 5.20 shows the XRD pattern of Fe3O4-gf-PGMA NPs (sample ID FBG41126) 
and compares it with the pattern of the database of magnetite cubic of JCPDS ICDD. Similar 
to that of the bare Fe3O4 NPs, the pattern of this modified NPs have very similar lattice 
spacing and relative intensity to the database values except the scattering peak at 37.053
o 
is 
absent. It verifies that the main composition after SI-ATRP is still magnetite instead of other 
kinds of iron oxides. The average crystal size, which is calculated by the Scherrer formula, of 
the individual grafting-from NPs is 8.7 nm. However, since the noise is relatively large, the 
value of the crystal size serves as a reference only.  
 
Figure 5.20. Comparison of XRD pattern of Fe3O4-gf-PGMA NPs (red, y-axis at left hand 
side) with the database of magnetite cubic [file 19-629 of the database of JCPDS International 
Center for Diffraction Data] (black, y-axis at right hand side) with correspondence (hkl) 
(box).  
Optimization of reaction conditions  
The Fe3O4-gf-PGMA NPs were dispersed in chloroform. Several reaction conditions 
of the SI-ATRP were varied to optimize the properties (particle size and Fe3O4 content) of the 
resultant Fe3O4-gf-PGMA NPs. The parameters include temperature, monomer-to-initiator 
ratio, time and NP content.  The effects of reaction conditions on particle size will be 
discussed below. 
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A. Temperature  
The reaction temperature of the SI-ATRP of GMA was varied from 18 
o
C to 60 
o
C 
while other parameters were fixed to optimize the reaction temperature. The resultant particle 
size in dispersion form (Zave) with size distribution (PDI) and Fe3O4 weight percentage are 
summarized in Table 5.2. 
Table 5.2. Properties of Fe3O4-gf-PGMA NPs reacted at different temperature, including 
hydrodynamic diameter, PDI and Fe3O4 weight percentage. 
Sample ID 
Reaction 
temperature (
o
C) 
a Zave (nm)
b 
PDI
b Fe3O4 content ( 
wt. %)
c 
3102 60 (Form gel) -- -- 
4606 50 912.8±5.3 0.151±0.0215 53.6% 
4616b 30 654.0±3.9 0.120±0.016 70.6% 
51012 18 315.5±2.4 0.094±0.015 70.9% 
a
 Other reaction parameters of synthesis of Fe3O4-gf-PGMA NPs: molar ratio of monomer:initiator = 200:1; 
solvent: diphenyl ether; monomer concentration: 40 wt.%; time: 3 h. 
b
 Measured by DLS with CHCl3 as the dispersing medium. 
c
 Measured by TGA. Total weight loss up to 900 
o
C. 
The reaction mixture forms gel under a reaction temperature of 60 
o
C while a 
continuous dispersed state is maintained at or below 50 
o
C.  Moreover, both the average NP 
diameter in chloroform and PDI are reduced from 913 to 316 nm and from 0.12 to 0.09, 
respectively, when the reaction temperature is decreased from 50 to 18
 o
C. The reduction of 
Fe3O4 content represents the increment of PGMA content. The decrease of Fe3O4 content 
from 71% to 54% when the temperature is increased from 18
 o
C to 50
 o
C points out that the 
polymerization rate is higher at higher temperature.  Thus, it shows a trend that a higher 
reaction temperature gives higher degree of NP aggregation. It can be assumed that at higher 
temperature, the reaction rate is higher, generating higher radical concentration. There is a 
higher possibility for growing radical chains of 2 adjacent NPs to combine together to form 
larger cluster. In order to reduce NP aggregation, reaction temperature of 18 
o
C has been 
chosen for further investigation.   
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B. Time  
The reaction time of the SI-ATRP of GMA was varied from 30 min to 24 h while 
other parameters were fixed. The resultant Zave, PDI and Fe3O4 weight percentage are 
summarized in Table 5.3. It shows that when the reaction time is extended from 30 min to 24 
h, the average NP diameter and PDI increase from 208 nm to 643 nm and from 0.09 to 0.19 
respectively. In addition, the Fe3O4 content also decreases from 94% to 69%. It reveals that a 
longer reaction time gives higher degree of polymerization but also higher degree of NP 
aggregation because of radical-radical coupling. Therefore, the reaction time of 3 h or shorter 
is chosen to have further investigation.  
Table 5.3. Properties of Fe3O4-gf-PGMA NPs reacted at different times, including 
hydrodynamic diameter, PDI and Fe3O4 weight percentage. 
Sample ID 
Reaction time 
(h) 
a Zave (nm) 
b 
PDI
b Fe3O4 content 
(wt. %) 
c 
4624a 0.5 208.1±0.1 0.086±0.008 93.9% 
4624b 3 304.3±1.3 0.109±0.015 87.7% 
4624c 20 642.9±2.5 0.188±0.017 69.2% 
a
 Other reaction parameters of synthesis of Fe3O4-gf-PGMA NPs: molar ratio of monomer:initiator = 320:1; 
solvent: diphenyl ether; monomer concentration: 40 wt.%; temperature: 18 
o
C. 
b
 Measured by DLS with CHCl3 as the dispersing medium. 
c
 Measured by TGA. 
C. Initiator-to-monomer ratio 
The initiator-to-monomer ratio of the SI-ATRP of GMA was varied from 200:1 to 
450:1 and time was varied from 0.5 – 3 h while other parameters were fixed. The resultant 
Zave, PDI and Fe3O4 weight percentage are summarized in Table 5.4. For the three ratios, their 
initial Fe3O4 contents are similar. But for a lower ratio of 200:1, there is a mild increase of 
cluster size and PGMA content with time. Whereas, for a higher ratio of 450:1, there are 
larger increases of cluster size and PGMA content with time. It is possible that with a lower 
monomer ratio, equilibrium is maintained fast (about 0.5 h) while with a higher monomer 
ratio, the chains can continue to polymerize with time, making continue increase of polymer 
content or decrease of Fe3O4 content.  
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Table 5.4. Properties of Fe3O4-gf-PGMA NPs reacted at different monomer-to-initiator ratios, 
including hydrodynamic diameter, PDI and Fe3O4 weight percentage. 
Sample 
ID 
Molar ratio of 
monomer:initiator 
a
 
Time (h) Zave (nm)
b 
PDI
b Fe3O4 content 
(wt. %)
c 
51102a 
200:1 
0.5 217.4±0.4 0.082±0.009 89.7% 
51102b 1 205.7±1.2 0.101±0.015 87.7% 
51102c 3 213.0±0.2 0.118±0.031 86.1% 
4624a 
320:1 
0.5 208.1±0.1 0.086±0.008 93.9% 
41126 1 221.9±0.8 0.099±0.028 77.1% 
4624b 3 304.3±1.3 0.109±0.015 87.7% 
5919a 
450:1 
0.5 175.9±1.3 0.049±0.007 90.5% 
 5919b 1 252.6±0.2 0.067±0.011 83.8% 
4729b 3 448.7±5.9 0.141±0.006 62.3% 
a
 Other reaction parameters of synthesis of Fe3O4-gf-PGMA NPs: temperature 18 
o
C; solvent: diphenyl ether; 
monomer concentration: 40 wt.%. 
b
 Measured by DLS with CHCl3 as the dispersing medium. 
c
 Measured by TGA. Total weight loss up to 900 
o
C. 
 
D. Particle content 
Three sets of reaction conditions were chosen to compare the effect of particle content 
on the properties of the resultant Fe3O4-gf-PGMA NPs. The Fe3O4-BIB NPs content in the 
reaction mixture was varied while temperature, time and monomer-to-initiator ratios were 
fixed. The resultant Zave, PDI and Fe3O4 weight percentage are summarized in Table 5.5. All 
sets indicate that the reaction mixtures with lower NP contents result in smaller cluster size 
and more homogeneous size distribution. However, there is no constant trend for the Fe3O4 
content. It is believed that the added NP content does not have major effect on the Fe3O4 
content of the resultant Fe3O4-gf-PGMA NPs.  
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Table 5.5. Properties of Fe3O4-gf-PGMA NPs reacted at different concentration of Fe3O4-BIB 
NPs, including hydrodynamic diameter, PDI and Fe3O4 weight percentage. 
Sample 
ID 
Reaction 
conditions (time, 
temperature and 
monomer-to-
initiator ratio) 
NP 
content of 
reaction 
mixture 
Zave (nm)
a 
PDI
a Fe3O4 content 
(wt. %)
b 
5721a 
0.5 h, 18 
o
C, 200:1 
7.7% 469.2±4.2 0.208±0.019 71.2% 
51102c 3.3% 213.0±0.2 0.118±0.031 86.1% 
5721b 
1 h, 18 
o
C, 200:1 
7.7% 485.4±2.4 0.161±0.011 68.9% 
51102b 3.3% 205.7±1.2 0.101±0.015 87.7% 
4729a 
0.5 h, 18 
o
C, 450:1 
2.7% 261.3±7.3 0.150±0.003 90.5% 
5919a 1.5% 175.9±1.3 0.049±0.007 90.5% 
a
 Measured by DLS with CHCl3 as the dispersing medium. 
b
 Measured by TGA. Total weight loss up to 900 
o
C. 
 
Morphology 
Figure 5.21 compares the morphologies of the Fe3O4-BIB NPs with the bare Fe3O4 
NPs. Their shape and size of individual NP grains are similar. Again, the Fe3O4-BIB NPs also 
aggregate to form clusters with measured cluster diameter of about 200 – 600 nm. However, 
their cluster surfaces are different in appearance. The bare NP clusters have a clear boundary 
with the environment, while the boundary of the Fe3O4-BIB NP clusters is bury, indicating the 
presence of surface modification agent.  
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Figure 5.21. TEM micrographs of bare Fe3O4 NPs (left) and Fe3O4-BIB NPs (right). 
Table 5.6 summarizes the morphologies and measured diameters of the NP clusters of 
the Fe3O4-gf-PGMA NPs with different Fe3O4 contents, ranging from 54 wt. % to 94 wt. %. 
Their Zave values are also shown for comparison. For the NPs with the highest Fe3O4 content 
of 94%, their morphology is similar to that of the bare NPs and there is no observable 
polymer coating. The measured cluster diameter is about 45 – 640 nm. For the NPs with 
lower Fe3O4 content of 76%, a cluster of NPs is coated with a thin and dense polymer layer 
with about 160 – 730 nm of measured cluster diameter. For the NPs with lowest Fe3O4 
content of 54%, the polymer coating becomes much thicker and even link several clusters 
together, representing gel formation among NPs. The micrographs unveil that gelation 
happens at high polymer contents (below 54% of Fe3O4 content). The Zave values also show 
the same trend that the higher the PGMA contents, the larger the Zave values are.  
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Table 5.6. TEM micrographs of Fe3O4-gf-PGMA NPs with different Fe3O4 contents.  
Fe3O4 
content 
(wt. %)
a
 
93.9 76.3 53.6 
TEM 
micrograph 
 
 
 
 
 
 
Sample 
ID 
4624a 4616a 4606 
Zave (nm)
b 
208.1±0.1 550.1±5.9 912.8±5.3 
Measured 
diameter 
(nm)
c
  
45 – 640 160 – 730 160 – 1000 
a
 Measured by TGA. 
b
 Measured by DLS with CHCl3 as dispersing medium. 
c
 Measured based on the scale bar at the lower right hand corner of its micrograph. 
 
Radical-radical coupling as side reaction during ATRP is a proper explanation of the 
size increase or NP aggregation and gelation. Especially the problem of NP aggregation was 
more serious at higher temperature. Since the polymerization reaction took place on the NP 
surface, the NP surface had a high radical concentration. Therefore, radical combination has a 
high possibility to take place. Two radicals from different nanoparticles combine together and 
will result in NP aggregation and increase of particle size. Two radicals from the same 
nanoparticle combine together will form dense and thin polymer layer. Moreover, the epoxide 
group is also reactive and ring opening is also possible under such condition and can result in 
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gelation in serious cases. Ring opening of epoxide groups also consumes some of the epoxide 
groups of GMA.  
Magnetization study 
Figure 5.22 compares the M-H loops of the bare and Fe3O4-gf-PGMA NPs. Same as 
the curves of the unmodified NPs, both the upward and downward curves Fe3O4-gf-PGMA 
NPs highly overlap with each other. A very little deviation of about 20 Oe can be seen only 
when the graph is in very high amplification. This negligible hysteresis verifies the 
superparamagnetic behavior of the Fe3O4-gt-PGMA NPs.  
The Fe3O4-gf-PGMA NPs (sample ID FBG41001) have a Fe3O4 content of 56.3%. 
The Ms value of the Fe3O4 NPs is 76.8 emu/g while that of the Fe3O4-gf-PGMA NPs is 
reduced to 47.5 emu/g, which is close to the theoretical value of 44.8 emu/g calculated based 
on the Fe3O4 content (Refer to Appendix IV).  
 
Figure 5.22. M-H curves of Fe3O4 NPs and Fe3O4-gf-PGMA NPs (sample ID FBG41001) 
through VSM.  
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The Zave and Ms of the Fe3O4-gf-PGMA NPs with different Fe3O4 contents are 
compared in Figure 5.23. Zave was measured by DLS and Fe3O4 content was measured by 
TGA. It shows linear relationships among magnetite content, particle size and saturation 
magnetization that Zave increases but Ms decreases with reducing Fe3O4 content. In other 
words, Fe3O4-gf-PGMA NPs with higher PGMA contents give larger particle clusters and 
lower magnetization. Or oppositely, lower degree or rate of polymerization results in lower 
degree of NP aggregation and higher Fe3O4 content, and consequently higher magnetization. 
The red curve in Figure 5.23 is extrapolated to predict the Ms value of 100% Fe3O4 
content. It is 70 emu/g, which is smaller than that of the unmodified Fe3O4 NPs (77 emu/g). It 
is because of the larger particle size compared with the unmodified NPs.  
 
 
Figure 5.23. Hydrodynamic diameter (Zave, blue), saturation magnetization (Ms, red) and Ms 
extrapolation (purple dotted) of Fe3O4-gf-PGMA NPs as a function of magnetite content.  
Summary  
The Fe3O4-gf-PGMA NPs were prepared by grafting-from approach. The Fe3O4 NPs were 
surfaced functionalized with α-bromo isobutyryl bromide (BIBB) to form BIB-modified 
magnetite nanoparticles (Fe3O4-BIB NPs) with covalent linkage. The resultant Fe3O4-BIB 
NPs were used as surface-initiators for surface initiated atom transfer radical polymerization 
(SI-ATRP) of GMA. The existence of iron oxide in the form of Fe3O4 was confirmed by XRD 
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while the attachments of the BIB functional groups and PGMA chains were proven by FTIR. 
By TEM observation, the resultant PGMA-modified NPs had thin and dense PGMA layer 
around the Fe3O4 NP clusters. In general, the Zave of Fe3O4-gf-PGMA NPs varied from 176 to 
643 nm while the size distributions depended on the degree of NP aggregation. Side reactions 
happened during SI-ATRP and caused NP aggregation and increase of size of NP clusters. 
However, they have been minimized through reaction condition optimizations. In general, in 
the conditions of lower temperature (18 
o
C), shorter reaction time (<3 hours) and lower NP 
content in reaction mixture, NP aggregation can be minimized. The resultant Fe3O4-gf-PGMA 
NPs had a wide range of PGMA contents and particle sizes, dependent on the reaction 
conditions. The PGMA contents could be controlled by monomer-to-initiator ratio and 
reaction time. The Ms values were between 45 – 66 emu/g dependent on the Fe3O4 contents. It 
also showed a trend that Fe3O4-gf-PGMA NPs with higher PGMA contents gave larger size of 
particle clusters and lower magnetization.  
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5.4. PGMA-modified Fe3O4 NPs by grafting-to approach (Fe3O4-gt-PGMA 
NPs) 
Alternatively, Fe3O4 NPs were surface modified with poly(glycidyl methacrylate) 
(PGMA) by grafting-to approach. Detailed synthesis of the nanoparticles has been described 
in Section 4.2.4. In this section, the reaction will be illustrated. In addition, the reaction 
conditions will be optimized. Surface functional groups will be qualified by FTIR and 
quantified by SEM-EDX and TGA. Physical properties, including particle sizes in both 
dispersion form and dried state, X-ray diffraction pattern, particle morphology as well as 
magnetic property will also be evaluated. 
Reaction  
The preformed Fe3O4 NPs were surface functionalized with (3-
mercaptopropyl)triethoxysilane (MCTES) by sol-gel reaction to form MCTES-modified 
magnetite nanoparticles (Fe3O4-MCTES NPs). Scheme 5.3a displays the typical sol-gel 
reaction of MCTES while Scheme 5.3b gives the sol-gel reaction between a Fe3O4 NP and 
MCTES for thiol functionalization via covalent siloxane bonding. The resultant Fe3O4-
MCTES NPs contain surface thiol (SH) groups to allow further covalent attachment of 
polymers. 
a)  
b)  
Scheme 5.3. Overview of sol-gel reaction. a) Typical sol-gel reaction of MCTES and b) Sol-
gel reaction between Fe3O4 NP and MCTES.  
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On the other hand, PGMA-Br with a bromo (Br)-end group was synthesized by ATRP. 
219
 Scheme 5.4a illustrates the overall ATRP reaction of GMA and Scheme 5.4b shows the 
proposed mechanism. The ATRP is initiated by the homolytic cleavage of the carbon-halide 
bonding of the EBrIB by the Cu
+
/PMDETA complex to generate an active radical. The 
propagation process exists in equilibrium in which the propagating radicals are reversibly 
trapped in a deactivation process to form the Br-capped dormant species and the dormant 
species are activated to reform the growing centers. 
a)    
b)  
Scheme 5.4. a) Overall reaction and b) the proposed mechanism of atom transfer radical 
polymerization (SI-ATRP) of glycidyl methacrylate (GMA). 
  As illustrated in Scheme 5.5, the SH groups of Fe3O4-MCTES NPs react with the Br 
groups 
220
 of PGMA-Br by nucleophilic substitution to form the final Fe3O4-gt-PGMA NPs 
with covalent linkage. Since the NPs and polymer are stable in different solvents, i.e. the 
Fe3O4-MCTES NPs are stable in ethanol while the PGMA-Br is soluble in chloroform, the 
polymer solution is added to the NP dispersion slowly to prevent NP aggregation. The 
coupling reaction starts within several seconds and the NPs become stable in chloroform upon 
PGMA grafting and more chloroform can be added to form the final volume ratio of 3:2 of 
chloroform/ethanol mixture. After reaction, the non-grafted PGMA-Br is removed by 
repeated magnetic separations and decantation using chloroform, which is a good solvent of 
the polymer.  
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Scheme 5.5. Schematic illustration of grafting of PGMA onto Fe3O4-MCTES NPs surface. 
Besides Br groups, epoxide group is also able to react with the SH group of the Fe3O4-
MCTES NPs. Literature reports mentioned about the thiol-epoxy coupling reaction in alkaline 
condition. 
221,222
 Therefore, a model reaction of GMA and hexanethiol with molar a ratio of 
1:1 was conducted under the same reaction condition as mentioned in Section 4.2.4c with the 
reaction and proposed product illustrated in Scheme 5.6. Figure 5.24a and b show the proton 
nuclear magnetic resonance spectroscopy (
1
H NMR) spectra of the unreacted GMA and the 
product of the model reaction, respectively. Except the solvent peaks, the chemical shifts and 
integrations of the two spectra are exactly the same, indicating that there was no change on 
chemical structure of the GMA after the attempted reaction with hexanethiol (hexanethiol was 
removed by vacuum rotary evaporation before measurement). It can be confirmed that there is 
no reaction between epoxide and thiol groups under the used reaction condition.  
 
Scheme 5.6. Reaction between GMA and hexanethiol and proposed product if the reaction 
takes place. 
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a)  
b)  
Figure 5.24. 
1
H NMR spectra of a) pure GMA and b) product of the model reaction. 
PGMA-Br synthesized by ATRP 
The molecular weight of PGMA was determined by both gel permeation 
chromatography (GPC) and 
1
H NMR. The 
1
H NMR spectrum of PGMA (sample ID 5511A) 
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is displayed in Figure 5.25. The number average molecular weight (Mn,NMR) determined from 
it is 12,000 g mol
-1
.  
 
Figure 5.25. 
1
HNMR spectrum of poly(glycidyl methacrylate) (PGMA, sample ID 5511A) 
(solvent CDCl3).  
To confirm the presence of the Br-end group, which will be used for grafting PGMA 
onto the Fe3O4-MCTES NP surface, the PGMA was analyzed by matrix-assisted laser 
desorption/ionization in conjunction with time-of-flight mass spectroscopy (MALDI-TOF 
MS). The MALDI-TOF MS spectrum of PGMA is displayed in Figure 5.26. Three major 
series of components can be observed. The three major series corresponds to the complete 
PGMA-Br chain [115 (C6H11O2) + n*142 (C7H10O3) + 79.9 (Br) + 23 (Na+)] (blue), initiator 
group with PGMA fragments [115 (C6H11O2) + n*142 (C7H10O3) + 23 (Na+)] (green) and Br-
end group with PGMA fragments [n*142 (C7H10O3) + 79.9 (Br) + 23 (Na+)] (red). 
Accordingly, the existence of the Br-end group in one of the detected species is proven.  
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Figure 5.26. MALDI-TOF MS spectrum of PGMA-Br (sample ID 51124A). 
Moreover, the molecular weights (MWs) of the PGMA reacted under different 
conditions were analyzed by GPC, 
1
H NMR and percentage yield. The MWs are summarized 
in Table 5.7. The MW of PGMA increases when the monomer-to-initiator increased from 
50:1 to 200:1. After that, further increase of monomer ratio does not have obvious further 
MW increase due to the limit of solubility of PGMA in diphenyl ether. After that, the 
temperature was increased from 30 to 70 
o
C. The MW can then be further increased but the 
dispersity (Ð) is also increased. The overall Ð is controlled within 1.16 – 1.45. 
The synthesis of PGMA using the same conditions and monomer-to-initiator molar 
ratio of 100:1 and 200:1, which are the same as samples 5508 and 5509, respectively, was 
reported in another literature. 
149
 The experimental Mn,GPC with molar ratio of 100:1 and 200:1 
were 8500 and 13000 g/mol, respectively while those of the literature were about 8000 and 
11000 g/mol respectively. With the same conditions before, the experimental and literature Ðs 
were 1.16 – 1.34 and ≤1.27, respectively. The experimental Mn,GPC values were slightly higher 
than those of the reported values while the mass distribution was a little bit broader. 
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Table 5.7. Average molecular weight (MW) of PGMA, synthesized by different conditions, determined by different analysis techniques.  
Sample ID 
Monomer : 
initiator mole 
ratio 
Reaction 
temperature 
(
o
C) 
GPC 
a 1
H NMR 
b 
Weighting 
c
 
Mn,GPC 
d 
Mw,GPC 
e 
Ð
f
 (Mw/Mn) 
Repeating 
unit 
Mn,NMR 
g 
% yield Mn, yield 
h 
51124A 50:1 (10 min)
i 
25 5390 7340 1.36 15 2330 20% 1600 
51124B 50:1 (30 min)
i 
25 6870 9640 1.41 17 2610 47% 3520 
5509  100:1  30   8 500 11 300 1.34 30 4460 48% 6950 
5508  200:1 30 13 300 15 400 1.16 41 6020 36% 10300 
5511A  300:1 30 12 000 15 500 1.30 83 12000 26% 11300 
5511B  400:1 30 14 400 18 600 1.29 43 7580 25% 14600 
5512  800:1 30 14 200 19 200 1.35 46 6730 8% 8750 
5514  400:1 50 15 400 21 300 1.39 60 8720 30% 17200 
5602  400:1 70 15 200 22 000 1.45 45 6590 41% 23300 
a
 Mn, Mw and Ð are determined by gel permeation chromatography (GPC). 
b
 The number of repeating unit and Mn,NMR are determined by proton nuclear magnetic resonance spectroscopy (
1
H NMR). 
c
 The percentage yield and Mn,yield are measured by weighting method. 
d
 Number average molecular weight.  
e
 Weight average molecular weight.  
f
 Dispersity.  
g
 Molecular weight calculated from NMR integration.  
h
 Molecular weight calculated from percentage yield. 
i
 Reaction time. 
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Qualitative composition  
The functional groups of the Fe3O4-MCTES NPs and Fe3O4-gt-PGMA NPs were 
verified by FTIR. Figure 5.27 compares the FTIR spectra of the Fe3O4-MCTES NPs and 
Fe3O4-gt-PGMA NPs with those of the pure MCTES, PGMA and the unmodified Fe3O4 NPs. 
For the Fe3O4-MCTES NPs spectrum, the O-H stretching and Fe-O vibration bands at 
respectively about 3400 cm
-1
 and 590 cm
-1
, which are the characteristic bands of Fe3O4 NPs, 
can be observed clearly. The C-H stretching peaks (2927 cm
-1
), H-C-H bending peaks (1462 – 
1373 cm
-1
) and broad Si-OR stretching band of siloxane chain (1100-950 cm
-1
) 
223
 indicate the 
presence of the (3-mercaptopropyl)siloxane group. However, the S-H stretching peaks at 
about 2500 cm
-1 
cannot be observed. For the spectrum of Fe3O4-gf-PGMA NPs, the O-H 
stretching, Fe-O vibration, C-H stretching, H-C-H bending and Si-OR stretching bands can 
also be seen. In additional to these 5 bands, the presence of the C=O (1729 cm
-1
) and epoxide 
ring stretching peaks (1253 cm
-1
) denote that PGMA is grafted onto the Fe3O4 NPs.  
Other than these, the C-Br stretching peak at 597 cm
-1
 of the PGMA spectrum verifies 
the Br end groups of the PGMA chains. 
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Figure 5.27. FTIR spectra of Fe3O4-MCTES NPs (green), Fe3O4-gt-PGMA NPs (red), 
MCTES (light green), PGMA (pink) and unmodified the Fe3O4 NPs (blue).  
Quantitative compositions 
The amount of MCTES attached onto the Fe3O4 NPs surface was quantified by SEM-
EDX and the EDX spectrum of the Fe3O4-MCTES NPs is shown in Figure 5.28. The peak 
areas of S and Fe are integrated and their atomic mole ratio are determined. The weight 
percentage of the MCTES group is calculated based on the atomic mole ratio of S to Fe. The 
calculation steps are demonstrated in Appendix III. In Figure 5.28, the mole ratio of S:Fe of 
Fe3O4-MCTES NPs (sample ID 5414) is 98.3: 1.5. By calculation, the weight percentage is 
26.2 mg MCTES / g NPs. 
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Figure 5.28. EDX spectrum of Fe3O4-MCTES NPs.  
The weight percentage of PGMA covalently bound on the surface of the Fe3O4 NPs 
was determined by TGA. Figure 5.29 compares the TGA thermograms of the Fe3O4-MCTES 
NPs, Fe3O4-gt-PGMA NPs (sample ID FMG5507E) with synthesized PGMA-Br and bare 
Fe3O4 NPs from about room temperature to 800 
o
C. Besides the weight loss of solvent at 
about 100
 o
C, the synthesized PGMA decomposes at about 300 
o
C and is fully decomposed at 
450 
o
C. 
However it is difficult to distinguish the weight contents of MCTES and PGMA of the 
Fe3O4-gt-PGMA NPs because both Fe3O4-MCTES NPs and Fe3O4-gt-PGMA NPs have 
similar decomposition patterns. Both have 2 main decomposition ranges at 150 – 400 
o
C and 
600 – 750
 o
C. Based on their TGA thermograms, the weight loss of Fe3O4-MCTES NPs and 
Fe3O4-gt-PGMA NPs between 150 – 750
 o
C are 4.8% and 11.6%, respectively. The extra 
6.8% weigh loss of the Fe3O4-gt-PGMA NPs can be regarded roughly as PGMA content. For 
the Fe3O4-MCTES NPs, only the alkyl-thiol group will be decomposed by not the silicate 
groups. However, since the silicate content is low, this value can be neglected. From the EDX 
result, the MECTS content is 2.6 wt. % which has some variation from the TGA results. 
Therefore, it can only be concluded without any doubt that the weight remained at 800 
o
C is 
the Fe3O4 content (94.5% for Fe3O4-MCTES NPs and 87.5% for Fe3O4-gt-PGMA NPs).  
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Figure 5.29. TGA thermograms of Fe3O4 NPs (blue), Fe3O4-MCTES NPs (green), Fe3O4-gt-
PGMA NPs (red) and PGMA (pink). Weight loss (solid line) and derivative weight loss 
(dotted line) as functions of temperature.  
Morphology  
Figure 5.30 compares the morphologies of the Fe3O4-MCTES NPs and the Fe3O4-gt-
PGMA NPs with the bare Fe3O4 NPs. Their shape and size of individual NP grains are 
similar. The crystal size of the Fe3O4-MCTES NPs and the Fe3O4-gt-PGMA NPs are 10.7 – 
25.5 nm and 9.1 – 21.6 (measured by the scale bars), respectively. However, their cluster 
surfaces are different in appearance. The bare NP clusters have a clear boundary with the 
environment. For the Fe3O4-MCTES NPs, the clusters are coated with a define thiol-silica 
layer. After surface modification with PGMA, it can be observed that a thick but loose 
polymer layer is formed around the surface of the NP clusters. Moreover, the cluster size is 
generally smaller than the unmodified counterpart. This indicates that NP aggregation during 
drying process can be reduced due to the presence of the polymer layer.   
- 110 - 
 
a)    b)  
c)   
Figure 5.30. TEM micrographs of a) bare Fe3O4 NPs, b) Fe3O4-MCTES NPs and c) Fe3O4-gt-
PGMA NPs.   
Particle size and size distribution 
The particle sizes and size distributions of the Fe3O4-MCTES NP clusters and Fe3O4-
gt-PGMA NP clusters in dispersion form were determined by DLS. The additional thiol-
silosane and PGMA layers by surface modifications cause only slight increases of Zave from 
134 nm to 169 nm and 186 nm of the resultant Fe3O4-MCTES NP clusters and Fe3O4-gt-
PGMA NP clusters, respectively because of the thickness of the layers. The PDI is also 
decreased from 0.12 to 0.09 and  0.10, respectively. Figure 5.31 compares the size distribution 
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by intensity of the three NPs. Similarly, the narrower peak width of the modified NPs 
compared with the unmodified one also indicates that the NP aggregation can be reduced. In 
addition, the modified NPs have higher long-term stability in dispersion form that the 
unmodified NPs sedimented completely after one week while the modified NPs were still in 
dispersed form over several months.  
a)  
b)  
Figure 5.31. a) Statistical size distribution by intensity of bare Fe3O4 NPs in ethanol (blue), 
Fe3O4-MCTES NPs in CCl3 (green) and Fe3O4-gt-PGMA NPs in CCl3 (red) as a function of 
diameter. b) The mean values of the peaks. 
XRD pattern 
Figure 5.32 shows the X-ray diffraction patterns of Fe3O4-MCTES NPs and Fe3O4-gt-
PGMA NPs and compares it with the pattern of the database of magnetite cubic of JCPDS-
ICDD. The patterns of the MCTES-modified NPS and grafing-to PGMA-modified NPs have 
very similar lattice spacings and relative intensities with those of the database values except 
the scattering peak at 37.053
o 
which is not clear bacause it is relatively small and close to the 
larger peak at 35.423
o
. It verifies that the main composition after surface modifications is still 
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magnetite instead of other kinds of iron oxides. By calculation based on the Scherrer formula, 
the average crystal sizes of the Fe3O4-MCTES NPs and Fe3O4-gt-PGMA NPs are 10.2 nm and 
10.9 nm respectively. It is consistent with the measured particle size in TEM micrographs, 
which are 11 – 26 nm and 9 – 22 nm, respectively. However, since the noise is relatively 
large, the value of the crystal size serves as a reference only. 
 
Figure 5.32. Comparison of XRD patterns of Fe3O4-MCTES NPs (sample ID FM41120) 
(green, y-axis at left hand side) and Fe3O4-gt-PGMA NPs (sample ID FMG4903) (red, y-axis 
at left hand side) with the database of magnetite cubic [file 19-629 of the database of JCPDS 
International Center for Diffraction Data] (black, y-axis at right hand side) with 
correspondence (hkl) (box). 
Optimization of reaction conditions  
The Fe3O4-gt-PGMA NPs prepared at diffent NP-to-polymer ratio and PGMA-Br of 
different MW were compared with their particle sizes and Fe3O4 contents. The results are 
summarized in Table 5.8. For sample 5303a, which was added with the least amount of 
PGMA, all the PGMA is grafted and results in 5.9% of PGMA content of the resultant Fe3O4-
gt-PGMA NPs. However, the large size of NP aggregates of  > 1000 nm indicates that this 
amount of PGMA is not sufficient to stabilize the NPs. When the PGMA content reaches 
8.1%, the NPs can form stable dispersion in chloroform, proven by the reduction of Zave from 
1259 nm to 124 nm. Further increase of PGMA added can only cause mild increase of PGMA 
content of the resultant Fe3O4-gt-PGMA NPs to 12.5%, which is much lesser than the 
theoretical PGMA content of 23.1% (refer to Appendix V for calculation), which is calculated 
by assuming all PGMA added is grafted onto the NPs. The mild increase of Zave from 124 nm 
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to 156 nm is due to the thicker PGMA layer of the NPs. It is believed that the PGMA grafted 
onto the NPs shield the NP surface and make further grafting less convenient. The spital 
hinderance limits the grafting efficiency.  
After that, PGMA with a higher MW is used in order to increase the PGMA content of 
the Fe3O4-gt-PGMA NPs. Compared with the 3 set of samples with the same theoretical 
PGMA contents of 9.1% (5303b vs 5526a), 16.7% (5304d vs 5526b) and 37.5% (5528d vs 
5610), they show that the samples with higher MW PGMA added give higher resultant 
PGMA content. However, all the PGMA contents fall greatly below the theoretical values. 
This indicates that the grafting efficiency is largely affected by the spatial hinderance. In 
general, the PGMA content reaches a  maximum at about 12.5% and can hardly be further 
increased. For the samples with >8.1% of PGMA content, their cluster sizes are in the range 
between 154 – 190 nm.  
Table 5.8. Properties, including particle size, size distribution and PGMA contents, of the 
resultant Fe3O4-gt-PGMA NPs obtained by different reaction conditions. 
Sample 
ID 
Mole ratio 
of 
SH:PGMA 
added 
PGMA 
MW 
a 
PGMA grafted (wt. %) 
c
 
Zave (nm) 
b 
PDI 
b 
PGMA 
grafted 
(wt. %) 
c 
Theoretical 
PGMA grafted 
(wt. %) 
d
 
5303a 45:1 
7900 
1259±141 0.260±0.020 5.9% 4.8% 
5303b 23:1 152.4±0.7 0.166±0.010 6.4% 9.1% 
5304c 15:1 127.7±0.9 0.086±0.016 6.5% 13.0% 
5304d 11:1 123.7±0.5 0.087±0.010 8.1% 16.7% 
5507e 8:1 154.4±0.9 0.100±0.009 12.5% 23.1% 
5526a 45:1 
14400 
173.0±1.0 0.069±0.009 9.1% 9.1% 
5526b 23:1 165.8±1.2 0.100±0.011 8.1% 16.7% 
5528c 11:1 185.7±0.8 0.106±0.015 9.1% 28.6% 
5528d 8:1 189.9±1.2 0.109±0.007 9.4% 37.5% 
5610 8:1 
15100 
171.3±0.8 0.071±0.005 12.2% 37.5% 
5623e 4.5:1 171.4±1.5 0.0920.016 10.4% 50.0% 
a
 Mn, determined by gel permeation chromatography (GPC) with PS standard. 
b
 Measured by DLS. The NPs were dispersed in CHCl3.                      
c
 Measured by TGA. 
d
 Calculation of theoretical PGMA grafted are demonstrated in Appendix V.  
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Magnetization study 
Figure 5.33 compares the M-H loops of the bare and Fe3O4-gt-PGMA NPs. The same 
as the curves of the unmodified NPs, both the upward and downward curves Fe3O4-gt-PGMA 
NPs highly overlap with each other. A very little deviation of about 4 Oe can be seen only 
when the graph is in very high amplification. This negligible hysteresis verifies the 
superparamagnetic behavior of the Fe3O4-gt-PGMA NPs.  
The Fe3O4-gt-PGMA NPs (sample ID FMG41112-2) have a Zave value of 162 nm, PDI 
of 0.06 and Fe3O4 content of 79%. The Ms value of the Fe3O4 NPs is 76.8 emu/g while that of 
the Fe3O4-gt-PGMA NPs is only slightly reduced to 63.4 emu/g, which is a little bit higher 
than the theoretical value of 60.7 emu/g calculated based on the NPs’ Fe3O4 content 
(Calculation refer to Appendix IV). This is probably due to the reduction of NP aggregation 
and the enhanced NP stability after PGMA surface modification.  
In addition, the magnetization is also higher than that of the commercially available 
amine-functionalized MNPs (fluidMAG-Amine 
224
) which have measured Ms of 58.7 emu/g. 
(The reported particle size of fluidMAG-Amine is 100 nm.)  
 
Figure 5.33. M-H curves of unmodified Fe3O4 NPs (blue) and Fe3O4-gt-PGMA NPs (blue, 
sample ID FMG41112-2) through VSM.  
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Summary 
The Fe3O4-gt-PGMA NPs have been prepared by grafting-to approach. The Fe3O4 NPs 
were surface functionalized with (3-mercaptopropyl)triethoxysilane (MCTES) to form 
MCTES-modified magnetite nanoparticles (Fe3O4-MCTES NP). The PGMA with Br-end 
group was pre-synthesized by atom transfer radical polymerization (ATRP) and was grafted 
to the   Fe3O4-MCTES NPs by coupling reaction between thiol and bromide groups to form 
the final Fe3O4-gt-PGMA NPs.  
The PGMA synthesized by ATRP had Mn between 5400 – 15000 g/mol and Ð was 
controlled within 1.16 – 1.45. The existence of the Br-end group in one of the detected 
species was verified by MALDI-TOF MS. The existence of iron oxide of the modified NPs in 
the form of Fe3O4 was confirmed by XRD while the attachments of the MCTES functional 
groups and PGMA chains were proven by FTIR. By TEM observation of Fe3O4-gt-PGMA 
NPs, a thick but loose polymer layer was verified around the surface of the NP clusters. And 
by VSM measurement, the NPs exhibited superparamagnetism. Upon MCTES and PGMA 
graftings, the Zave of the resultant Fe3O4-MCTES NP clusters and Fe3O4-gt-PGMA NP 
clusters increased slightly to 169 nm and 186 nm, respectively. But the decrease of PDI 
indicated that the modified NPs were more uniform in size and the NP aggregation could be 
minimized. The PGMA contents of the NPs could be mildly increased by using high MW 
polymer or increasing the amount of polymer added. However, the grafting-to approach had a 
limitation of low grafting efficiency because of the spatial hindrance. The maximum PGMA 
content was 12.5%. On the opposite side, it had an advantage of high magnetization value of 
63 emu/g which was higher than that of the fluidMAG-Amine.  
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5.5. Comparison between grafting-from and grafting-to Fe3O4-PGMA NPs  
Both grafting-to and grafting-from Fe3O4-PGMA NPs had better dispersing ability than 
the Fe3O4-OA NPs. Most of the PGMA-grafted NPs could form stable dispersions in organic 
solvents while the Fe3O4-OA NPs could only be partially dispersed.  
By TEM observation, the PGMA coating layer of the grafting-to NPs was thick and loose 
while that of the grafting-from NPs was thin and dense. The grafting-from NPs formed large 
aggregates easily during SI-ATRP especially with high reaction rates. Whereas, the grafting-
to NPs did not have the problem of large NP aggregation. The formation of large NP 
aggregates in the grafting-from approach was due to side reactions during polymerization, 
mainly radical-radical coupling. The larger cluster size of the grafting-from NP clusters 
compared with the grafting-to counterparts was also because of the same reason. 
 On the other hand, the PGMA thickness or contents of the grafting-from NPs could be 
controlled in wide range, while the PGMA content of that of the grafting-to NPs was limited 
to 12.5% because the spatial effects hindered further polymer grafting.  
For Fe3O4-PGMA NPs with similar Fe3O4 contents, the grafting-to NPs had slightly 
higher saturation magnetization (Ms) than the grafting-from counterparts. For example at 
about 87% of Fe3O4 content, the Ms of the grafting-to and grafting-from NPs were 69 emu/g 
and 65 emu/g, respectively. It is believed that because the cluster sizes of the grafting-to NPs 
were smaller. In addition, the Ms of the grafting-to NPs and grafting-from NPs with higher 
Fe3O4 content (> 87%) were also higher than that of the fluidMAG-Amine (59 emu/g), 
commercially available amine-modified MNPs. But for both kind of Fe3O4-PGMA NPs, they 
had much higher Fe3O4 contents and Ms than most of the reported PGMA-modified MNPs. 
The Fe3O4 contents and Ms reported by other research groups were 5 – 34 wt. % and 3 – 23 
emu/g, respectively. 
46,75,92-100,207,208      
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5.6. Magnetic epoxy nanocomposites (MENCs) 
The modified Fe3O4 NPs were blended into BADGE-based epoxy system to form 
magnetic epoxy nanocomposites (MENCs). Detailed preparation method of the MENCs has 
been described in Section 4.3.2. In this section, the NP distribution and the NP cluster sizes in 
epoxy matrix, as well as magnetic properties of the MENCs with different kinds and contents 
of modified Fe3O4 NPs will be compared. The application of the PGMA-modified NPs in 
nondestructive flaw detection of epoxy will also be explored using eddy current testing. The 
effect of the NPs on the mechanical properties of the MENCs will be considered as well. 
Reaction  
BADGE contains two epoxide functional groups and has an epoxy equivalent weight 
of 170 g / equiv. (provided by the supplier), which means 170 g of BADGE is equivalent to 1 
mole of epoxide group. Whereas, EPH 161 hardener is an aliphatic amine (chemical formula 
is not provided by the supplier) and has an amine equivalent weight of 44.5 g / equiv., which 
means 44.5 g of the hardener can react with 1 mole of epoxide group. One primary amine 
group can react with two epoxide group while one secondary amine group can react with one 
epoxide group. The epoxy resin and hardener are mixed in stoichiometric quantities to 
achieve maximum physical properties and the calculation of added mass ratio is shown in 
Appendix VI. Figure 5.34 shows the chemical structure of BADGE and the reaction product 
of three-dimentional crosslinked thermoset structure after cuirng with a typical amine-based 
hardener. 
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Figure 5.34. Chemical structure of BADGE and the reaction product of three-dimentional 
crosslinked thermoset structure after curing with diethylenetriamine (a typical amine based 
hardener). 
 Since the PGMA layer of the Fe3O4-PGMA NPs also contains rich amount of 
functional epoxide groups, it is anticipated that the NPs will also participate in the curing 
reaction with the matrix to become part of the resultant crosslinked network. The curing 
reaction with the presence of Fe3O4-PGMA NPs is displayed in Figure 5.35.  
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Figure 5.35. Schematic illustration of the reaction among BADGE, amine-based hardener and 
Fe3O4-PGMA NP for formation of the MENC.  
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Appearance  
After being blended into epoxy resin and cured, the distributions of modified NPs 
were firstly observed by naked eyes. The photographs of the epoxy blended with Fe3O4-OA, 
Fe3O4-gf-PGMA and Fe3O4-gt-PGMA NPs are shown and compared with the pure epoxy in 
Figure 5.36. The OA-modified NPs (Figure 5.36c) aggregate seriously in the epoxy even at a 
very low NP concentration (0.0245 wt. %) while the two PGMA-modified NPs (Figures 5.36 
c and d) can be evenly distributed in the epoxy at higher concentrations (0.5 - 0.77 wt. %).  
  
     
Figure 5.36. Images of the epoxy a) without NP; blended with b) Fe3O4-OA NPs (0.0245 
wt. %); c) Fe3O4-gf-PGMA NPs (0.77 wt. %) and d) Fe3O4-gt-PGMA NPs (0.5 wt. %). 
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NP distribution in epoxy matrix 
In order to observe the NP distribution of the PGMA-modified NPs in the epoxy in 
microscopic scale, cross section TEM images of the MENCs have been taken. It is quite 
common that the surface-modified MNPs are compatible with the dispersing monomer system 
but do not have sufficient interaction with the polymer. As a result, the NPs phase separate 
during polymerization or curing and this results in inhomogeneous NP distribution.
 83,84
 
Figure 5.37a shows the cross-section TEM image of the MENCs blended with 1% of the 
Fe3O4-gt-PGMA NPs. It reveals that small clusters of the NPs can be evenly distributed not 
only in epoxy resin, but also in the cured epoxy with minimal further NP aggregation. Even 
some non-clustered NPs can be observed. Figure 5.37b counts the statistics of the NP cluster 
diameter in the composites. The average diameter of the NP clusters is 74 nm (calculated 
based on the scale bar and > 200 NP clusters were measured).  
Moreover, Figure 5.37a also shows that the outer polymer layer of the Fe3O4-gt-
PGMA NPs disappears after being cured. This indicates that the PGMA layer interacted well 
with the matrix. This is because the PGMA layer has large amount of epoxide groups, which 
make the NPs compatible with epoxy matrix and can have strong polymer/filler interface 
interaction and even react with the matrix during curing process.  
a)   b)  
Figure 5.37. a) Cross-section TEM image of MENC blended with 1% Fe3O4-gt-PGMA NPs. 
Inset shows larger scale TEM image. b) Statistics of NP cluster diameters measured based on 
the scale bar of the TEM micrographs.  
- 122 - 
 
Table 5.9 compares the cross-section TEM micrographs of the MENCs prepared by 
the two kinds of PGMA-modified NPs with different blending concentrations and their 
statistics of NP cluster diameters. By TEM observation, the grafting-to NPs have better NP 
distribution than the grafting-from counterparts. And it is also obvious that NP aggregation of 
1% NPs is less serious than that of the 2.5% NPs because samples blended with higher NP 
concentration samples are normally easier to agglomerate. The statistics of NP cluster 
diameters, which are measured by the scale bars, also give a similar trend: The average NP 
cluster diameters of the grafting-to NPs are between 74-115 nm, while those of the grafting-
from NPs are between 151-210 nm. The grafting-from NPs have higher portion of large NP 
clusters. The largest grafting-to cluster is about 400 nm while the largest grafting-from cluster 
is even in micron size (over 1000 nm). In fact, the degree of NP aggregation of the grafting-
from NPs is not that serious when compared with the cluster size of their original 
NP/chloroform dispersion. When the NPs were changed from chloroform dispersion to epoxy 
nanocomposites, the average cluster size of the grafting-to NPs was reduced slightly from 170 
nm (Zave) to 74-115 nm, while that of the grafting-from NPs was largely reduced from 630 nm 
to 151-210 nm. It is because the grafting-from NPs have a higher PGMA content and the rich 
amount of epoxide groups can disassemble the NP clusters during mixing by enhancing the 
polymer/filler interface interaction. 
The TEM image of the unmodified Fe3O4 NPs is not meaningful to be shown and even 
the MENCs blended with unmodified NPs are very difficult to prepare because the 
unmodified NPs are not stable in the epoxy matrix and sediment down rapidly.  
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Table 5.9. Comparison of TEM micrographs of PGMA-modified NPs with the two different 
surface modification approaches and blending concentrations together with their statistics of 
NP cluster diameters.  
NP 
Modification 
approach 
Grafting-to Grafting-from 
TEM images 
 
 
 
 
Statistics of 
NP cluster 
diameters 
a 
 
 
 
 
Zave of 
original NPs 
170 nm 630 nm 
a
 Measured based on the scale bar at the lower right hand corner of its micrograph. 
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Magnetization study 
The magnetic properties of the MENCs were determined by VSM. Figure 5.38 shows 
the M-H curves of the of MENCs blended with 2.5 wt. % Fe3O4-gf-PGMA NPs and Fe3O4-gt-
PGMA NPs. For both samples, the upward and downward curves highly overlap with each 
other. A very little deviation can be seen only when the graph is in very high amplification. 
The deviation of the grafting-from NPs is about 25 Oe, which is similar to that of the Fe3O4-
gf-PGMA NPs. The deviation of the grafting-to NPs, however, is about 30 Oe, which is larger 
than that of the Fe3O4-gt-PGMA NPs (4 Oe). Nevertheless, the hysteresis is still small and the 
MENCs can be considered as superparamagnetic. 
 
Figure 5.38. M-H curves of MENCs blended with 2.5 wt. % Fe3O4-gf-PGMA NPs (purple) 
and Fe3O4-gt-PGMA NPs (orange) through VSM.  
Table 5.10 compares the measured and theoretical Ms values of the MENCs blended 
with different concentration of Fe3O4-gf-PGMA NPs or Fe3O4-gt-PGMA NPs. In general, the 
grafting-to NPs-containing MENCs have higher Ms values than those of the grafting-from 
counterparts because the former ones have higher Fe3O4 contents. The Ms of the MENCs 
blended with 1 wt. % and 2.5 wt. % of the grafting-to NPs are 0.71 and 1.91 emu/g, 
respectively. Both of the values are a little bit higher than the theoretical ones, which should 
- 125 - 
 
be 0.69 and 1.78 emu/ g, respectively. However, the Ms of the MENCs blended with Fe3O4-
gf-PGMA NPs are slightly lower than the theoretical values. The Ms of the MENCs blended 
with 1 wt. % and 2.5 wt. % of the grafting-from NPs are 0.60 and 1.43 emu/g respectively 
while the theoretical ones are 0.61 and 1.54 emu/g respectively. This small difference may be 
related to the particle size of the NP clusters in the MENCs since the overall cluster sizes of 
the grafting-to NPs are smaller than those of the grafting-from NPs.  
Table 5.10. Measured and theoretical saturation magnetization (Ms) of the MENCs blended 
with different concentrations of Fe3O4-gf-PGMA or Fe3O4-gt-PGMA NPs.  
MENCs Fe3O4 wt. content* 
Measured Ms 
(emu/g) 
Theoretical Ms * 
(emu/g) 
1% grafting-to NPs 0.872% 0.71 0.69 
2.5% grafting-to NPs 2.24% 1.91 1.78 
1% grafting-from NPs 0.709% 0.60 0.61 
2.5% grafting-from NPs 1.78% 1.43 1.54 
*Calculation of the Fe3O4 wt. contents and theoretical Ms are demonstrated in Appendix VII. 
Nondestructive flaw detection of MENCs by eddy current testing (ET) 
Eddy current testing (ET) is chosen for nondestructive inspection of the MENCs 
because it is sensitive and is widely used in real application in the field of SHM. In addition, it 
is a completely nondestructive testing method as no pre-cleaning, mechanical stress, coating 
are required to apply to the specimens for detection purpose. It is an electromagnetic 
technique that it has been applied so far only on electrical conductive materials. Still, 
theoretically it is possible that the MENCs can be detected because they have certain degree 
of magnetic permeability or impedance.  
The PGMA-modified Fe3O4 NPs were blended with BADGE-based epoxy resin to 
form a rectangle shape solid epoxy sample with dimension of 29 x 23 cm and thickness of 
about 4 mm for ET. The sample has a base stage with dimension of 42 x 28 cm but it will not 
be scanned. Four different kinds of artificial defects were generated to it. Figure 5.39a 
illustrates the sketch of the MENC sample and the four artificial defects. Defects 1 and 2 are 
surface defects while defects 3 and 4 are hidden defects. Defect 1 is a through hole with 0.6 
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mm diameter and defect 2 is a blind hole with 1 mm diameter. Defect 3 is a blind hole with 
0.5 mm wall thickness, i.e. 0.5 mm below surface and 1 mm diameter. Defect 4 is a cross hole 
and is 1 mm below surface.  
Inhomogeneity was detected by electromagnetic technique using an ET device. Eddy 
current flow cannot be induced because the NP content is too low to improve the electrical 
conductivity of the MENCs. Instead, changes of the magnetic reluctance can be measured and 
is defined as ET signals. The ET signal intensities of the MENC blended with 1 wt. % of 
Fe3O4-gt-PGMA NPs are scanned over the rectangular surface. Figure 5.39b shows the C-
scan image of the ET measurement of the MENC. The brightness of the image represents ET 
signal intensity. The dark spots, which are caused by the drop of the ET signal at the site of 
the surface flaws (defects 1 and 2) can be clearly seen. Defect 2 gives a larger and darker spot 
as it is larger and it is a through hole while defect 1 is a smaller blind hole. The detection of 
the hidden flaws, however, depends on the depth of the defects. Shallower flaw with 0.5 mm 
depth (defect 3) can still be visualized as a dull spot, although it is not obvious. ET signal 
reduction of deeper flaw with 1 mm depth (defect 4) cannot be observed.  
a)   b)  
Figure 5.39. a) Sketch of MENC sample and the 4 artificial defects for ET. b) C-scan 
image of ET measurement of MENC blended with 1% Fe3O4-gt-PGMA NPs with defects 
generated.  
Figure 5.40 displays the ET line scan profiles of the same MENC, crossing defects 1 
and 2 (Figure 5.40b) as well as defects 2 and 3 (Figure 5.40c), respectively. The ET intensities 
of defects 1, 2 and 3 are dropped by about 0.1, 0.22 and 0.1 unit, respectively.  Hence, flaw 
detection of MENC by eddy current measurement is achieved.  
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Figure 5.40. a) C-scan image of ET measurement of the MENC blended with 1% Fe3O4-gt-
PGMA NPs with defects generated. b) ET signal profile (line scan) along the green dotted 
line. c) ET signal profile along the red dotted line. 
Figure 5.41 compares the C-scan images of EC measurements of the MENCs blended 
with different concentrations of Fe3O4-gf-PGMA (1 wt. %) or Fe3O4-gt-PGMA NPs (1 and 
2.5 wt. %) with defects generated. They have similar ET scanning results. For all three 
samples, the two dark spots because of the two surface defects at the bottom of the samples 
can be observed clearly. Defect 2 gives a larger and darker spot as it is larger and is a through 
hole while defect 1 is a smaller blind hole. ET signal reduction of deeper flaw with 1 mm 
depth (defect 4) cannot be observed in all three samples. Shallower flaw with 0.5 mm depth 
(defect 3) can still be visualized as the dull spot at upper left hand corner of the 1% grafting-
from and 1% grafting-to MENCs, although it is not obvious. However, it cannot be seen in 
2.5% grafting-to samples. For the overall performance, the MENCs blended with 1% 
grafting-to NPs give the best results, that with 1% grafting-from NPs ranks the second and 
2.5% grafting-to becomes the least.   
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a)   b)  
c)   
Figure 5.41. C-scan images of ET measurements of the MENCs blended with different kinds 
and concentrations of Fe3O4-PGMA NPs with defects generated. a) 1 wt. % Fe3O4-gt-PGMA 
NPs, b) 2.5 wt. % Fe3O4-gt-PGMA NPs and c) 1 wt. % Fe3O4-gf-PGMA NPs. 
The ET signal strength of the three MENC samples are displayed in Figure 5.42. 
Although the signals of the MENCs with 2.5% NPs are stronger than those with 1% NPs, the 
2.5% NPs sample cannot perform as good as the 1% counterparts with regard to flaw 
detection as shown in Figure 5.41. It is possible that the defects generated are small defects. If 
the original ET signals of the samples are large, there will be no signal difference between the 
normal and defective parts.  
The eddy current of the MENCs blended with unmodified Fe3O4 NPs cannot be shown 
because the MENCs blended with unmodified NPs are very difficult to prepare since the 
unmodified NPs are not stable in the epoxy matrix and sediment down rapidly. 
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a)  b) c)  
Figure 5.42. Strength of ET signal of MENCs blended with a) 1 wt. % Fe3O4-gf-PGMA NPs, 
1 wt. % Fe3O4-gt-PGMA NPs and 2.5 wt. % Fe3O4-gt-PGMA NPs.  
Mechanical properties  
The effect of the presence of the PGMA-modified Fe3O4 NPs on the mechanical 
properties of the epoxy was investigated by dynamic mechanical analysis (DMA). Figure 5.43 
compares the tan(𝛿) and storage modulus of the pure epoxy and the MENCs. The glass 
transition temperature (Tg) indicates the easiness of segmental movement of polymer chains 
and can reflect the degree of crosslinking of the epoxy. Tg of the pure BADGE-based epoxy is 
85 
o
C. Whereas, the values of the MENCs with 1% and 2.5% of Fe3O4-gt-PGMA NPs are 
slightly reduced to 83 
o
C and increased to 86 
o
C, respectively. In contrast, the presence of the 
grafting-from Fe3O4-gf-PGMA NPs causes relatively larger increase of the Tg that the Tg of 
the MENCs with NPs 1% and 2.5% NPs becomes 88 
o
C and 92 
o
C, respectively.  
 
For the storage modulus below Tg, the stiffness values of the pure epoxy and all 
MENCs have small differences. The stiffness of the MENCs blended with 1% grafting-to NPs 
is nearly the same as that of the pure epoxy. MENCs blended with 1% grafting-from NPs and 
2.5% grafting-to NPs give only little reduction of tan(𝛿) of about 22% and 17%, respectivley, 
and with 2.5 % grafting-from NPs gives small increase of about 22%.  
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Figure 5.43. Dynamic mechanical analysis (DMA) curves of pure epoxy (black), MENCs  
blended with 1.0 % Fe3O4-gt-PGMA NPs (red) and 2.5 %  Fe3O4-gt-PGMA NPs (green), 1.0 
% Fe3O4-gf-PGMA NPs (yellow) and 2.5 %  Fe3O4-gf-PGMA NPs (blue). Tan(𝛿) is of solid 
lines while storage modulus is of dotted lines. 
It has been discussed that in Figure 5.37, the disappearance of the PGMA layer of the 
Fe3O4-PGMA NPs pointed out that the PGMA layer interact well with the epoxy matrix. 
Literatures suggested that in crosslinked polymer nanocomposite systems, the well dispersed 
NPs with strong polymer/filler interface interaction can increase the storage modulus as well 
as Tg by restricting the segmental movement of the polymer chains. 
225
 However, the Fe3O4-
gt-PGMA NPs had almost no effect on both while the Fe3O4-gf-PGMA NPs had only mild 
improvement on both, based on the DMA results. It is possible that, firstly, the NP 
concentration is not high enough to affect the mechanical properties. Secondly, the effect of 
spherical shape Fe3O4-gt-PGMA NPs are less obvious than tubular- or platelet-shaped nano-
fillers since, for example, the presence of 0.5 % of the hairy shape polyaniline-modified 
bentonite nanoclays caused huge increase of storage modulus and 50 
o
C increase of the Tg of 
the epoxy-based system. 
226
 Still, the reason of the mild mechanical improvement caused by 
the presence of the grafting-from NPs is that they have a higher PGMA content than the 
grafting-to counterparts and the rich amount of epoxide groups can enhance the polymer/filler 
interface interaction by covalent bondings. 
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Accordingly, the mechanical properties of the epoxy are influenced very slightly when 
less than 2.5% of the Fe3O4-gt-PGMA NPs is present while the presence of the Fe3O4-gf-
PGMA NPs gives mild improvement of the mechanical properties of their MENCs. 
Summary  
 Magnetic epoxy nanocomposites (MENCs) have been prepared by blending Fe3O4-
OA NPs, Fe3O4-gf-PGMA NPs and Fe3O4-gt-PGMA NPs, respectively, into BADGE-based 
epoxy resin. After curing process, it was observed that the distributions of both kinds of 
PGMA-modified NPs were much better than that of the Fe3O4-OA NPs. By TEM observation, 
the grafting-to PGMA-modified NPs formed a more homogeneous distribution than the 
grafting-from counterparts and with smaller cluster size. The MENCs blended with Fe3O4-gt-
PGMA NPs also had slightly higher magnetization than the Fe3O4-gf-PGMA NPs, probably 
because of the smaller cluster size in the matrix. But both kinds of PGMA-modified NPs 
exhibited superparamagnetism. Nondestructive flaw detections of surface and sub-surface 
defects could be successfully achieved by ET method. The MENCs blended with 1 wt. % 
Fe3O4-gt-PGMA NPs gave better inspection results than the 2.5 wt. % counterparts. The 
mechanical properties, including tan(𝛿) and storage modulus, of the epoxy were influenced 
very slightly when  2.5% or lower percentage of the grafting-to Fe3O4-PGMA NPs were 
present while they were slightly improved when 2.5% or lower of grafting-from Fe3O4-
PGMA NPs were present . 
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5.7. Fiber reinforced epoxy nanocomposites 
In the previous work and publication, the idea of textile materials with sensor and actuator 
functions in contribution to the development of environmentally friendly lightweight 
engineering was stated and a comprehensive study from single molecules up to composites 
was simulated. 
4
 The lightweight composites consist of polymeric materials reinforced by 
engineering textiles. Since both embedding matrix and textiles have similar elementary 
compositions, they are difficult to be distinguished. In addition, the composites are 
heterogeneous in nature and give extra hurdles to conventional SHM of plastics. Coating of 
MNPs on the textiles is possible to visualize the textiles hidden inside and to get information 
about the location and condition of individual components. Therefore, the distribution of the 
modified Fe3O4 NPs on fiber surface and ET scanning on the NP-coated textile-reinforced 
composites will be studied in this section.  
Distribution of NPs on UHMWPE fibers  
The ultra-high molecular weight polyethylene (UHMWPE) textiles were functionalized 
by plasma treatment (Performed by M. Bartusch).
4
 Epoxide, hydroxyl and carbonyl are 
possible functional groups on the textile surface and the results of FTIR and XPS analysis are 
given in Appendix VIII (Provided by M. Bartusch).
227
 Figure 5.44 compares the SEM 
micrographs of NP distribution on UHMWPE fiber surface of the three kinds of modified 
Fe3O4 NPs with the pure fibers. It can be observed that all three kinds, Fe3O4-OA NPs, Fe3O4-
gf-PGMA NPs and, Fe3O4-gt-PGMA NPs, can be evenly distributed onto the fiber surface. 
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a)   b)  
c)   d)  
Figure 5.44. SEM micrographs of plasma treated UHMWPE fibers a) without NP, b) coated 
with Fe3O4-OA NPs, c) grafting-from Fe3O4-gf-PGMA NPs and, d) grafting-to Fe3O4-gt-
PGMA NPs.  
Magnetization study 
The magnetic properties of the fibers coated with 2.5 % of Fe3O4-gt-PGMA NPs  were 
investigated by VSM and the M-H loop is shown in Figure 5.45. The upward and downward 
curves highly overlap with each other and a very little deviation can be seen only when the 
graph is in very high amplification. The hysteresis of the NPs is about 20 Oe, which is similar 
to that of the original Fe3O4-gt-PGMA NPs and is very small. This negligible hysteresis 
verifies that the superparamagnetic property of the Fe3O4-gt-PGMA NPs can be maintained 
upon fiber coating. The Ms of the NP-coated fibers is 1.46 emu/g, which is lower than that of 
the MENC counterparts (1.91 emu/g) and also theoretical value (1.78 emu/g) (refer to Table 
5.10). This is because the NPs are coated on fiber surface instead of distributed in matrix and 
higher degree of NP aggregation is expected and cannot be avoided.  
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Figure 5.45. M-H curves of UHMWPE fibers coated with 2.5 wt. % Fe3O4-gt-PGMA NPs 
through VSM. 
Fiber visualization by ET 
In the next step, the UHMWPE textiles were coated with 2.5% Fe3O4-gt-PGMA NPs. 
After that, the NP-coated textile was embedded into BADGE-based resin and the resin was 
cured to form NP-coated textile-reinforced composites with thickness of about 2 mm. Figure 
5.46 shows the appearance and the C-scan image of ET measurement of the composite. The 
pattern of the textile with complete weaving can be observed but the dislocated fibers cannot 
be seen (marked by red circles in Figure 5.46a). The dislocated fibers cannot be seen because 
the eddy current induced flows only in closed loop and the dislocated fibers are parallel to one 
another and lack overlapping points. Since the textile embedded in the composite is not flat, 
the brightness of the ET signals varies at different positions. The textile with positions close 
to the surface gives brighter signal while that in deeper depth appears as darker color. 
Accordingly, the Fe3O4-gt-PGMA NPs on the textiles can visualize the textile hidden inside 
and their relative depth. 
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a)  
b)  
Figure 5.46. Overview of NPs-coated textile-reinforced epoxy composites. a) Appearance 
(dislocated bundles are marked by red circles) and b) C-scan image of ET measurement.  
Summary  
Functionalized UHMWPE textiles were successfully coated with Fe3O4-OA NPs, 
grafting-from and grafting-to Fe3O4-PGMA NPs, respectively. All three kinds of NPs could 
be evenly distributed on the fiber surface. After that, the Fe3O4-gt-PGMA NPs were coated on 
the textile in order to prepare NP-coated textile-reinforced composite. The Fe3O4-gt-PGMA 
NPs coated on the textiles allowed visualization of the textile hidden inside and their relative 
depth. The hidden-fiber visualization was a preliminary result and defect detection of the 
fibers was not performed. Nevertheless, this kind of hidden fiber structure visualization within 
polymeric composites using EM technique has never been reported.   
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6. Conclusion and Outlook  
The goals of this research were to prepare MNPs with suitable surface modifications so 
that the resultant MNPs can have appropriate functions to be applied in nondestructive 
structural health monitoring (SHM) of epoxy-based materials by magnetic detection 
techniques. To address them, magnetite nanoparticles (Fe3O4 NPs) were firstly synthesized by 
coprecipitation followed by poly(glycidyl methacrylate) (PGMA) surface modifications using 
two approaches, i.e. grafting-from and grafting-to approaches, to form the resultant Fe3O4-gf-
PGMA NPs and Fe3O4-gt-PGMA NPs, respectively. For grafting-from approach, PGMA 
chains were grown from the MNP surface by surface-initiated atom transfer radical 
polymerization (SI-ATRP). For grafting-to approach, the Br-ended PGMA, which was pre-
synthesized by ATRP, was grafted to the functionalized MNP surface by thiol-bromo 
coupling reaction. The performance of the PGMA-modified Fe3O4 NPs was also compared 
with both oleic acid (OA)-modified counterparts and other reported PGMA-modified MNPs.  
PGMA-Br and Fe3O4-gf-PGMA NPs were successfully prepared by ATRP and SI-ATRP, 
respectively, with high degree of control. The reported gel formation during polymerization 
could be minimized via reaction optimizations. For the grafting-from Fe3O4-PGMA NPs, NP 
aggregation as well as increase of size of NP clusters were minimized and the hydrodynamic 
diameters (Zave) of Fe3O4-gf-PGMA NP clusters could be controlled between 176 to 643 nm, 
dependent on the PGMA contents and reaction conditions. Oppositely, Zave values of the 
grafting-to Fe3O4-PGMA NPs had little variation of about 120 – 190 nm but the PGMA 
content of the NPs was limited to 12.5%. 
The PGMA surface layer of the Fe3O4-PGMA NPs was able to maintain colloidal stability 
in organic solvents while the Fe3O4 NPs were only partially stabilized through OA surface 
modification. Though both bare and modified Fe3O4 NPs formed clusters instead of individual 
NPs, the size distribution of the NP clusters were reduced after PGMA surface modifications 
and the NP clusters became more uniform in size. The PGMA surface layer of the grafting-
from NPs was thin and dense while that of the grafting-to NPs was thick and loose.  
Moreover, both kinds of Fe3O4-PGMA NPs had higher Fe3O4 contents than other reported 
PGMA-modified MNPs and the commercially available fluidMAG-Amine. As a result, the 
resultant NPs gave higher saturation magnetization (Ms).  
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In the next step, magnetic epoxy nanocomposites (MENCs) were prepared by blending 
the PGMA-modified MNPs into BADGE-based epoxy system. Cross-section TEM images 
showed that the NPs formed homogeneous distribution in the cured NCs because the PGMA 
chains on the Fe3O4 NP surface contain rich amount of epoxide groups to interact with epoxy 
resins. Further reduction of NP cluster sizes compared with that in solvent dispersion were 
even observed also because of the same reason.  
Besides, the nondestructive SHM of the MENCs by eddy current testing (ET) 
measurement was achieved and was reported for the first time. Little amounts of Fe3O4-
PGMA NPs (as low as 1 wt. %) present in the matrix were sufficient to allow successful 
visualization of surface and sub-surface defects of the MENCs because of the high Ms values 
of the NPs and their high degree of homogeneity in the MENCs. The presence of the grafting-
to Fe3O4-PGMA NPs almost did not affect the mechanical properties of the original epoxy 
materials while that of the grafting-from counterparts gave mild improvements to the stiffness 
and glass-rubber transition temperature.  
In the last part, the Fe3O4-gt-PGMA NPs were coated evenly onto the surface of the 
functionalized UHMWPE textiles in order to prepare NP-coated textile-reinforced 
composites. Preliminary result of ET measurement showed that the Fe3O4-gt-PGMA NPs 
coated on the textiles could visualize the structure of the textile hidden inside and their 
relative depth, which is also a new finding.  
Therefore, it can be concluded that the incorporation of MNPs to polymers is a new 
and high potential pathway for damage-free structural health monitoring (SHM) of polymeric 
materials. 
Outlook for structural health monitoring of magnetic nanocomposites 
Since epoxide group is very reactive through ring opening reaction, the Fe3O4-PGMA NPs 
are anticipated to be compatible with many kinds of resins and polymeric materials to form 
other kinds of magnetic nanocomposites. Therefore, nondestructive SHM of other polymeric 
materials is possible.  
In the application part, the nondestructive SHM of the MENCs by ET measurement has 
been explored. Though flaw detection was achieved using ET, it was limited to surface and 
sub-surface defects, which is an intrinsic limitation of ET.  It can be overcome by combining 
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ET with other techniques. For example, in electromagnetic induction thermography, which is 
a combination of electromagnetic and thermal techniques and allows detection of deep hidden 
flaws, EM current is induced within the magnetic specimen and thermal image is recorded. 
The induced current density within a crack edge is near zero as the current is blocked by the 
discontinuity. As a result, less heat is generated by the eddy current, and the temperature 
within the surface crack region is lower than that without defect. Consequently, the 
temperature discontinuity can be observed clearly in the thermal image. 
174,228
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7. Appendix 
I. Calculation of solid content of NPs in NP dispersion: 
 Weight of empty vial = a 
1.000 mL of the NP dispersion was added to the empty vial. The vial was dried under vacuum 
overnight. 
Weight of vial + 1.000 mL of NP dispersion = b 
Weight of vial after vacuum drying = c 
Solid content by volume (w/v) (g / mL of dispersion) = (c – a) / 1.000 x 100%  
  by weight (w/w) (g / g of dispersion) = (c – a) / (b – a)  x 100% 
  
II. Sample calculation of surface functional group of Fe3O4-BIB NPs: 
Substance  MW (g/mol) 
Fe 55.8 
Fe3O4 231.5 
Br 79.9 
BIBB (modification agent) 229.9 
-BIB (function group) 150.0 
Measured mole ratio of Fe:Br of Fe3O4-BIB NPs (sample ID 31028) = 98.3 : 1.7 
Mole ratio of -BIB : Fe3O4 = 1.7 / (98.3 / 3) 
       = 0.0519 
Weight ratio of -BIB : Fe3O4 = 0.0519 X 150.0 / 231.531 
           = 0.0336 
 
Weight percentage of -BIB = 0.0336 / (1+ 0.0336) 
         = 0.0325 g -BIB / g NP 
Mole percentage of of -BIB = 0.0325 / 150 X 1000 
                                             = 0.217 mmol. -BIB / g NP 
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III. Calculation of surface functional group of Fe3O4-MCTES NPs: 
 
Substance  MW (g/mol) 
Fe 55.8 
Fe3O4 231.5 
SiOOH(CH2)3SH (--SH in short, 
functional group) 136.1 
MCTES (modification agent) 238.4 
 
Measured mole ratio of Fe:S of Fe3O4-MCTES NPs (sample ID 4807) = 74.2 : 1.9 
Mole ratio of --SH : Fe3O4 = 1.9 / (74.2 / 3) 
       = 0.0768 
 
Weight ratio of --SH : Fe3O4 = 0.0768 X 136.4 / 231.5 
           = 0.0453 
 
Weight percentage of --SH = 0.0453 / (1+ 0.0453) 
         = 0.0433 g --SH / g NP 
 
Mole percentage of -SH = 0.0433 / 136.1 X 1000 
                                       = 0.318 mmol. --SH / g NP 
 
IV. Calculation of theoretical saturation magnetization (Ms) of modified Fe3O4 NPs 
Ms of Fe3O4 NPs = 76.8 emu/g 
Fe3O4 content of the Fe3O4 NPs (by TGA) = 96.5 wt. % 
Fe3O4 content of the modified Fe3O4 NPs (by TGA) = a 
Theoretical Ms = a(76.8 / 96.5%) 
For example:  
Fe3O4 content of the Fe3O4-gf-PGMA NPs (sample ID FBG41001) = 56.3 wt. % 
Theoretical Ms = 44.8 emu/g 
 
V. Calculation of theoretical PGMA content Fe3O4-gt-PGMA NPs 
Sample 5507e: Mole ratio of SH:PGMA added = 8:1 
  Mass ratio of Fe3O4-gt-MCTES NPs : PGMA = 10:3 
  Theoretical PGMA content = 3/(10+3) x 100% 
              = 23.1% 
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VI.  Calculation of added weight ratio of BADGE to EPH 161 hardener 
BADGE equivalent weight = 170 g / equiv. (provided by supplier) 
EPH 161 hardener = 44.5 g / equiv. (provided by supplier) 
Reaction mole ratio of equivalent= 1:1 
5 g of BADGE need to add EPH 161 hardener = 5.00 g x 44.5/170 
          = 1.31 g 
 
VII. Calculation of the Fe3O4 wt. content and theoretical Ms of MENCs  
Fe3O4 content of MENC = Fe3O4 content of PGMA-modified Fe3O4 NPs  
X % NPs blended in MENC 
 
Theoretical Ms of MENC = 79.6 emu/g X Fe3O4 content of MENC 
 
VIII. FTIR and XPS analysis of plasma treated UHMWPE fibers 
FTIR XPS 
 
C1s peak       Binding           Coresponding 
       %          energy (eV)      functional group 
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